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ABSTRACT  
 
The Mi-24 helicopter is one of the most famous heavy lift helicopters designed with a net 
weight of 8.4 tonnes, while its gross weight is 12.5 tonnes. This helicopter is powered by two 
TV3-117 turbo-engines, coupled to a VR-24 main rotor transmission gearbox, which reduces 
the engine speed from 15000 Revolutions Per Minute (RPM) to the main rotor speed of 240 
RPM. This research aims to show the functionality of the Mi-24 helicopter main gear box, to 
find the opportunities to extend the running hours (before maintenance) and to refurbish the 
gear box locally in South Africa. The research follows the principles of Reverse Engineering 
(RE) and Refurbishing. The principles involve the extraction of information from an existing 
product in order to establish its function and to re-create specifications which can be used to 
make, maintain or refurbish a similar or superior item. This dissertation has exposed some of 
the theory of the design of the Mi-24 main gearbox components and their functionality; 
including similar selected helicopters’ main drive mechanisms. The probable defects that are 
common to helicopter transmissions, the specifications and the Computer Aided Design (CAD) 
drawings are also presented. The research concludes that, with the cooperation of the local 
aerospace industry (including the army), the academic institutions and government; it is 
possible to get the necessary certification, licensing, training, specialised equipment and to 
establish a Maintenance Organisation, to refurbish the Mi-24 helicopter gearbox locally in 
South Africa. 
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1 INTRODUCTION 
1.1 Background of the Research 
The Mi-24 helicopter is one of the world’s most legendary, powerful and widely used 
fighter rotor-crafts. In the 90’s the Soviet Union was the second largest helicopter 
producing country and a world leader in the production of large heavy lift helicopters 
(Chaiko, 1990). This is also reiterated in the brochure; About Russian Helicopters (2015), 
where Russian products account for 14% of global fleet, 35% of global combat 
helicopters, nearly 74% of helicopters with Maximum Take Off Weight (MTOW) of 
more than 20 tons and 56% of global fleet with MTOW from 8 to 15 tons, showing that it 
still maintains a considerable global position.  
 
Zhe, Niaoqing, Mingjian and Bin (2012) indicated that catastrophic failures in helicopters 
are as a result of engine or transmission problems, hence the need to investigate means of 
detecting faults before they cause any accidents. They devised a gear pitting damage 
detection methodology, incorporating a physical model for simulation signal generation 
and an algorithm for feature selection and damage level estimation for grey relational 
analysis. Certain helicopter components are subjected to normal wear and tear, while 
others are affected by cyclic loads due to the operation of the vehicle (Patrick, Khawaja, 
Saxena, Vachtsevanos and Wu, 2007). Most researches on the Mi-24 and other makes of 
helicopters have concentrated on vibration monitoring and the establishment of diagnosis 
and prognosis models for detection of failures and their propagation, while very little was 
dedicated to the physical inspection and analysis of possible anomalies. Therefore it is 
envisaged in this dissertation to establish the state of the various components of a used 
Mi-24 helicopter main gearbox (VR-24) and to analyse these conditions in the dawn of 
Reverse Engineering and Refurbishing. This research also focusses on the possible repair 
interventions and methodologies (after inspection or fault detection) through the 
mentioned diagnosis models, to develop the basis for local refurbishment. 
1.2 Justification of the Research  
The dismantling and subsequent refurbishment of the Mi-24 helicopter main gearbox is 
the preserve of the Original Equipment Manufacturer (OEM), who is based in Russia. 
This arrangement is necessitated by the need to maintain the equipment guarantees 
agreed during the initial purchase, lack of skills and the prohibitive costs of obtaining the 
licence to repair or refurbish this rotor-craft. A donation of the Mi-24 helicopter main 
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gearbox that was given to the University of the Witwatersrand, School of Mechanical, 
Industrial and Aeronautical Engineering, for research purposes, has also gone an extra 
mile to motivate for the pursuance of this research. It should also be noted that the 
absence of similar research in South Africa, coupled with the fact that most of this 
equipment from all over Africa has to be shipped back to Russia for refurbishments, adds 
to the justification for embarking on such a research. The research will become both an 
eye opener on the design of rotor-craft main gearboxes and the hidden opportunities of 
the possibilities of local refurbishing of some of the components of the Mi-24 helicopter 
main gearbox. It is against this background that the earliest opportunity to research on the 
refurbishment of this equipment would give South Africa the edge to become the first in 
the study (thereby broadening the knowledge base) of this state-of-the-art piece of 
invention. This will also make the country to be the first in  Africa to move towards the 
acquisition of the necessary licencing to refurbish the Mi-24 main gearbox, and possibly 
the whole ‘Mil’ family’s helicopter main gearboxes, and also open enthusiasm for the 
probability of refurbishing the whole rotor-craft.  
1.3 Research Problem  
The basic design of the Mi-24 helicopter main gearbox is not comprehended; hence it is 
traditionally acceptable to send the gearbox overseas for repairs or refurbishments, to 
avoid physical damages and any loss of guarantees from the OEM. 
1.3.1 The Specific Themes or Problems to be investigated 
Based on the relevant literature, the first problem to be investigated will focus on: 
a) The determination of the faults or discrepancies that could be found in the used Mi-24 
helicopter main gearbox. This will focus on the search for any damages incurred 
during operations and will include; normal wear and tear, component deformations 
and cracking. The damages will also be assessed and evaluated in terms of their 
significance, in order to mitigate any catastrophic failure and also to establish 
recommended service patterns, as an improvement to the original design. The causes 
of such damages will also be investigated in order to establish preventative actions or 
improvements in the form of re-engineering of the components or sub-assemblies (to 
reduce probabilities of premature failure) and recommending appropriate 
maintenance or service patterns. The safe useful life of the gearbox, the individual 
critical components and sub-assemblies will also be investigated, and this will also be 
underpinned by historical data of helicopter vibration signatures collected during 
operation from similar machines. The purpose of this investigation is to establish the 
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wear patterns and any form of damage that could have been subjected to the gearbox 
components during service and to also determine the appropriate processes which 
could have caused such damages.  This will lead to: 
 
b) evaluation of the integrity of the gearbox design (including key components design) 
and the determination of specifications of the various components and sub-assemblies 
of the gearbox. This will focus on the configuration of the components of the 
gearbox, their functions, sizes and tolerances. The purpose of the individual 
components and sub-assemblies, including the logic behind the designs will also be 
investigated. The purpose of this investigation is to establish refurbishment 
specifications for the gearbox components and the various sub-assemblies, to form 
the basis to suggest any re-engineering opportunities to improve the durability of the 
components and gearbox assembly, which will in turn contribute to the increase of 
time between failures, of the Mi-24 gearbox. This will lead to: 
 
c) determination of the wear rate and other damage mechanisms (such as; cracking, 
pitting, scoring, denting and bending) on the gearbox’s critical components, in view 
of the duration of use and in comparison to other varieties of rotary wing aircraft.  
This will include the determination of the weakest components or sub-assemblies of 
the gearbox, the reasons for the presumed premature failures and suggested 
improvement opportunities. The intervals at which the OEM refurbishes the Mi-24 
gearbox (or other comparative helicopter gearboxes) and the turn-around times 
including the form of repairs; whether component or sub-assembly refurbishment, or 
complete replacement; shall also be investigated. The purpose of this investigation is 
to determine the reliability and feasibility of operating the Mi-24 helicopter gearbox 
safely for extended hours (beyond OEM’s specifications/requirements), and to 
establish the feasibility of refurbishing the gearbox locally, in South Africa. 
1.4 Delimitation of Scope 
Considering the above, it is important to indicate that this research dissertation will have 
its own scope limitations in order to concentrate on the key aspects of inspection and 
reverse engineering of the Mi-24 helicopter main gearbox. This research will therefore 
not cover the following areas;  
• physical helicopter gearbox refurbishment,  
• test rig vibration testing,  
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• on-board vibration tests and crack level detection or simulation.  
• mathematical modelling 
• finite element analysis 
1.5 Research Question  
Can the Mi-24 helicopter main gearbox be successfully reverse engineered and be 
refurbished in South Africa? 
1.6 Source of Data and Methodologies 
The sources of information and data for the purposes of this research would be the 
internet, technical publications, scholarly and conference papers, rotor-craft maintenance 
specialists (to be sought from all over the world), physical visual inspections and 
measurements and other mechanical or strength test data would be used to acquire the 
relevant information. The methodologies will include; the systematic dismantling and 
inspection of the Mi-24 helicopter main gearbox, identification of possible wear or 
deformations, their possible corrective or refurbishment processes and the evaluation of 
the possibility of carrying out the refurbishment locally in South Africa. The 
methodologies will also include; literature search, consultations, dismantling, inspection 
and methodically selecting the forms and processes of refurbishment of the identified 
distorted or would-be potentially deformed or damaged components of the Mi-24 
helicopter main gearbox. 
1.7 Contributions 
The research will contribute to the body of knowledge of the design and refurbishment of 
the Mi-24 helicopter main gearbox and form the basis for the initiation of the 
performance of the refurbishment of this equipment, locally in South Africa. The 
research will also assist to stimulate further research in the design and manufacture of 
some of the various components and sub-assemblies of the main gearbox, including 
improvements in the manufacturing processes, materials and other variations thereof.    
1.8 Definitions  
Research  
Systematic study of a given subject, field, or problem, undertaken to discover facts or 
principles. 
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Reverse Engineering: 
Discovering the technological principles of a system through analysis of its structure, 
function, and operation. 
Re-engineering:  
Examination and alteration of a system to reconstitute it in a new form. 
 Refurbish:  
Renew or restore to a new condition or appearance. 
Methodology:  
Systematic and theoretical analysis of the methods applied to a field of study or 
discipline . 
Design:  
Methodical series of steps that engineers use in creating functional products and 
processes, or systematic and creative application of scientific principles to practical ends, 
for example manufacturing. 
Simulation:  
Representation of the operation or features of one process or system through the use of 
another. 
Algorithm:  
Effective method expressed as a finite list of well-defined instructions for calculating a 
function or solving a problem. 
Grey Relational Analysis:  
A system which provides techniques for determining a good solution where part of the 
information is known and the other part of information is unknown, which is referred to 
as the grey area between two extremities. 
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Time Between Failures: 
Refers to the minimum time taken before a failure occurs or is envisaged to occur, on a 
certain module or on the whole equipment. 
1.9 Outline of the Dissertation  
The dissertation’s outline is comprised of five chapters which include, in sequence; 
introduction, research issues, methodology, data analysis and conclusions. The 
introduction outlines the context of the research topic, the problem to be investigated and 
the methodology to be followed, and this chapter basically enlightens the reader on what 
to expect in the research. On the other hand the research issues outline the available 
researches that have been conducted in the same or related fields, to broaden the view of 
the reader on the research topic. The methodology details the ways to obtain relevant 
information about the research, including outlining of the structure used to obtain the 
answers to the research question. The data analysis consists of the processes to be used to 
find and record data or information which will be used to obtain meanings to the research 
question. Finally the conclusion and implications will detail the inferences (deductions) 
that will be drawn to come up with a major position or proposition (suggestion) and the 
formulation of a logical judgement as a result of evidence produced.  
1.10 Conclusions 
This chapter has revealed the background of the research, the reason why this research 
was undertaken and has also clearly pronounced the research problem. The delimitation 
of the scope has stated the areas that will not be dwelt with in this research. The research 
question has also been explained to give a setting for expectations within the research up 
to the conclusion. The chapter has also described the issue of the research resources and 
the methodology to be followed to obtain the required outcome of the research. The 
contributions the research will make to the community have also been explained, 
including the indication of the arrangement of the chapters. The introduction phase has 
specifically outlined and answered all the basic questions to clarify what is being 
investigated, why and how it will be investigated and the expectations of the reader after 
the whole research has been concluded.  
 
The following chapter; Research issues discusses the basic construction of selected 
helicopter gearboxes, including the Mil Mi-24 helicopter’s VR-24 gearbox and the 
incidents previously encountered on helicopter transmissions. The aerospace bearing 
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design and damage mechanisms, the gear types, materials and the damage mechanisms 
are also discussed. The lubrication systems, the purpose of lubrication and the effects of 
loss of lubrication, on-board failure detection systems, typical component damage and 
repairs, including maintenance organisation certification are also covered.  
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2 RESEARCH ISSUES  
2.1 Introduction 
The previous chapter; introduction, has described the background and the purpose of the 
research, the research problem, the delimitation of the scope, the research question, the 
research resources and methodology and the contributions that the research will make to 
the academic community and the general public. The outline of the research has also been 
laid down to give the reader a clear guide of what to expect throughout the whole 
research.  
 
However, chapter 2 details the sampled materials from the literature perused. It discusses 
helicopter transmissions of the UH-60 Black Hawk, AH-64A Apache, the Sikorsky S-
90A, the Mil Mi-24 and the Aerospatiale Super Puma helicopters. The helicopter 
incidents that have occurred and were investigated before are also narrated, to show the 
real life failures that these machines have and can still undergo and to form the basis of 
some of the recommendations in this dissertation. Aero-bearings, gears, lubrication, on-
board systems and fault detection, typical component damage, retirement of helicopter 
gearbox components and Maintenance Organisation Certification (MOC) are also 
discussed.  
2.2 Construction of Helicopter Transmissions 
According to Military Today (2014), the top nine in order of superiority (based on the 
combined score of performance, firepower, protection and avionics) attack helicopters 
include; the Boeing AH-64E Apache Guardian, Bell-AH 1Z Viper, Kamov Ka52 Hokum 
B, Mil Mi-28 Havoc, Eurocopter Tiger, Z-10, Denel AH-2 Rooivalk, Augusta A129 
Mangusta and the Mil Mi-24 Hind (Appendix I). However, most of these do not have 
accessible data, but the following comparative helicopters had some information on the 
construction of their gearboxes; the UH-60 Black Hawk, the Sikorsky S-92A, the Mil Mi-
24, the Aerospatiale (Eurocopter) AS332 L2 Super Puma and the Boeing AH-64A 
Apache  (similar engine and transmission to the Boeing AH-64 Apache Guardian). 
Chaiko (1990) also states that the design of transmissions of the Soviet helicopters is 
different from the transmissions of Western helicopters.  
2.2.1 UH-60A Black Hawk Helicopter Main Transmission  
According to the United States Army – UH-60A Student Handout (2008), the torque is 
transmitted from the two engines (through the two input modules) to the main vertical 
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axis bevel gear, and then transmitted through a hollow stub shaft to the sun gear located 
below it (Figure 2.1). The torque is then transferred to the five planetary gears and 
subsequently to the ring gear which is coupled with the main rotor shaft by mating 
splines, for rigidity and a centralised or concentric connection. After the main ring gear, 
the main rotor shaft (supported by bearings) transmits the torque upwards (backwards) 
through the hollow stub shaft assembly arrangement, to the blades mounted at the tip of 
the rotor shaft, above the whole gearbox housing and on the outer side of the helicopter 
cabin. The various accessory drives take their drives from the small bevel gears (through 
a series of spur gears) which are directly linked to the input module gearboxes, adjacent 
the engine input shafts. The tail rotor, however receives its drive from the main vertical 
axis bevel gear (second stage from where the two engine inputs are linked) through a 
series of shafts, an intermediate gearbox and tail gear box. 
 
 
Figure 2.1: UH-60A Black Hawk Helicopter Main Transmission (United States 
Army – Student Handout, 2008) 
 
2.2.2 AH-64 Apache Helicopter Transmission 
According to the USA Army (2002b) the transmission comprises of two engine input 
shafts which drive the two nose gearboxes, which reduces the input speed and also 
changes the direction of the drives towards the main transmission housing. The drives 
from both nose gearboxes drive the main gear at a speed reduction and in turn this gear 
drives the tail rotor, the accessories and the main rotor brakes. The over-running clutch 
provides the drive to the Auxiliary Power Unit (APU), while the APU drive shaft drives 
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the accessory gearbox which in turn drives the main generators and the hydraulic pumps 
while the rotor is stationary or rotating. The main transmission’s lubrication system 
consists of two independent pumps, sumps, filters, and heat exchangers and a level float 
which closes the other sump (since not completely independent) to minimise oil total loss 
in case of a leak. Though there was no schematic presentation found, the description 
partly matches the input drive of the Black Hawk and the Sikorsky S-9A and the 
accessory drives of the Aerospatiale helicopters (all western helicopters). 
2.2.3 Sikorsky S-92A Transmission  
According to the TSB Canada (2009), the main transmission of the Sikorsky S-92A is 
comprised of two engine input drives, which drive the free-wheeling units, which in turn 
drive the main bevel gear, converting the horizontal drive to a vertical drive (Figure 2.2). 
The free-wheeling units enable the engines to turn independently of the gear box and of 
each other, when the speeds of the engines are not the same or still low and at the same 
time provide a drive to the 1st  and 2nd hydraulic modules and the 1st and 2nd generator 
modules.  From the main vertical bevel gear the drive is transmitted to the  sun gear 
(situated below the vertical gear) and to the adjuscent planetary gears and planetary gear 
plate, which is linked to the main rotor shaft and rotates with it. The planetary gears are 
equally and circumferentially arranged around the sun gear into six pairs, one on top of 
the other. On the outer side the planetary gears mesh with the stationery ring gear, to give 
stability to the whole mechanism and hence the main rotor. The other accessories, namely 
the 3rd hydaulic module, the 1st and 2nd oil pumps and the tail rotor drive are all driven 
directly from the vertical bevel gear. The speed reduction is therefore in three stages 
namely; the engine input to 1st free-wheeling unit gear, from the 2nd free-wheeling unit 
gear to the vertical bevel gear (mounted on same shaft as the bevel gear), from the sun 
gear to the planet gears and carrier plate, attached to the main rotor shaft (TSB Canada, 
2009). 
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Figure 2.2: Sikorsky S-92A Transmission (TSB Canada, 2009) 
 
2.2.4 Aerospatiale (Eurocopter) AS332 L2 Super Puma  
According to Conradi (2011), the main gearbox of the Super Puma is driven by the two 
engine reduction gearboxes which are driven by the two engines through the input shafts 
on the left and right of the gearbox, looking from the front of the helicopter and hence 
gearbox (Figures 2.3 and 2.4). These two gearboxes each reduce the engine speed from 
23000 Revolutions Per Minute (RPM) to 8011RPM. The two drives from the reduction 
gearboxes also extend backwards to drive the left and right hand accessories. Mounted on 
the same shaft with the combiner gear is the tail rotor drive and the horizontal bevel gear 
which engages with the vertical bevel gear, changing the drive to vertical drive and 
further reducing the speed to 2405RPM.  The vertical bevel gear is mounted on the same 
shaft as the first sun gear which engages with the first set of eight planetary gears, which 
are mounted on the same carrier plate with the second sun gear. The second sun gear 
engages with the second set of eight planetary gears, mounted on the same carrier plate 
with the main rotor, and this combination reduces the speed to a final rotor speed of 
265RPM. Both top and bottom ring gears are integrally mounted on the same epicyclic 
module case and are both stationery units. 
12 
 
 
Figure 2.3: Aerospatiale (Eurocopter) AS332 L2 Super Puma (Conradi, 2011) 
 
 
 
Figure 2.4: Super Puma - Layout of the epicyclic reduction gearbox, (Conradi, 2011) 
 
2.2.5 Mi-24 Helicopter Main Transmission  
According to the Mi-24 Manual (2013) the Mi-24 main transmission gearing (Figure 2.5) 
functions as described below. The drive from the engine is transmitted to the main 
gearbox through the two sprag clutch stub shafts (15, 17) (and Appendix H-5; Engine 
input quill (uni-ball coupling)) which transmit the drive through the sprag clutches (14), 
which engage and disengage the drive independently, when the speed of the engine 
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exceeds and is exceeded by the speed of the gearbox respectively.  From the clutches, the 
drive goes to the two helical pinion drive gears (1, 4), which in turn drive the bull wheel 
(3), which is mounted on the same drive shaft as the spiral bevel gear (2). This helical 
bevel gear meshes with the vertical helical bevel gear (7), whose stub shaft is linked to 
the top sun gear (13), which drives the five top planetary gears (12). These planetary 
gears are mounted onto a carrier which is fixed together with the bottom ring gear (10) 
and the main rotor shaft flange and they rotate together (while at the same time the 
individual planetary gears wheel freely on the bottom ring gear (11)). The bottom ring 
gear (11) then engages with the bottom planetary gears (9) (mounted on a stationery 
planetary carrier plate) which in turn engages with the bottom sun gear (8), which also 
freely wheels on its bearing (this second planetary drive merely gives the main rotor 
stability, rather than speed reduction). 
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Figure 2.5: Mi-24 Main transmission gearing (Mi-24 Manual, 2013) 
 
2.3 Incidents on Helicopter Transmissions 
2.3.1 Critical Failure Modes in Helicopters 
A summary of safety critical failure modes in helicopters (Table 2.1) have been cited as 
follows, in order of priority;  a) shaft fracture, b) gear and gear tooth fracture, c) 
overheating, d) incorrect assembly, and e) component deterioration (such as bearing 
failure) in critical control systems (Forrester, 1996). Also see Appendices N, O, P and Q 
for further references on component failure mechanisms and Appendix G, which 
describes some Mi-24 Drive System Troubleshooting processes. Forrester (1996) also 
suggests that, rather than regularly performing maintenance on helicopter gearboxes, a 
system of ‘on condition’ maintenance or modular maintenance can be used, to repair 
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components or modules when necessary. However this can only be possible by putting a 
greater emphasis on fault detection systems, as any undetected fault may become 
catastrophic; for instance it is easy to detect wear related defects through chip detection 
than to detect a crack propagation as it can be confused with gear pitting, which can heal 
with time, whereas a crack can become catastrophic if not ‘properly’ detected in time.  
Most faults can be detected by monitoring temperature changes, chip detection and 
vibration analysis (of which most rotor-crafts do not have); though it would be difficult to 
monitor temperature differences between each component’s in-let and out-let 
temperatures, except for a few critical components. 
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Table 2.1: Failure Modes in Helicopter Transmissions (Tongbo and Gaiqi, 2011) 
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2.3.2 UH-60 Black Hawk helicopter 
According to Patrick (2006) it was discovered during operation, that there was low oil 
pressure in the main mechanical transmission system of a UH-60 Black Hawk helicopter. 
After the diagnosis of the problem, it was discovered that the pressure loss was due to the 
clogged oil system due to metallic shavings from alignment shims which had come off 
due to excessive vibration, caused by a planetary gear carrier plate which had developed 
a crack (Figure 2.6). The crack had developed on the root of one of the five planet gear 
mounting posts of the planetary gear carrier plate which is a region of high stress.  
According to Blunt and Keller (2006) the arrangement of the transmission of the UH-60 
Helicopter is similar to many other helicopter transmissions. They went on to 
acknowledge that, the vibration of epicyclic gear trains are difficult to analyse, not only 
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since there are multiple planet gears producing similar vibrations, but because there are 
also multiple and time-varying transmission paths from the gear mesh points to the 
transducers. Blunt and Keller (2006) also suggested that, of the numerous tests conducted 
by the USA Army to try and find methods to detect the carrier plate crack, the test-cell 
method revealed the known crack while the on-board tests’ vibration signatures could not 
pick up either of the two carrier plate defects. The conclusion of this analysis was that the 
fault was detectable in controlled test-cell environments and that noise (vibrations) for 
other rotating accessory components and the differences in vibration levels from aircraft-
to-aircraft may overshadow the effect of a cracked planetary carrier.  
 
According to Patrick, et al. (2013) a planetary carrier plate crack on a USA UH-60 
Blackhawk Helicopter has attracted a lot of attention as vibration tests were carried out to 
find out how similar cracks can be detected without opening the gearboxes to perform 
physical inspections of about a thousand helicopters. A number of tests were carried out 
by the USA army, using both defective and non-defective carrier plates and a series of 
accelerometers to detect or ascertain the presence and position of the defective carrier 
plate; and South Africa is in a position to adapt to these standards, especially considering 
the technology and expertise of Denel Aviation (Denel Aviation, 2014). Out of the 
various condition indicators; only the Sideband Index (SI) and Sideband Level Factors 
(SLF), were successful in detecting the presence of the anomalies on the test bench and 
none on-board due to the low torque levels, while other indicators could not.  
 
 
Figure 2.6: Cracks which developed on Black Hawk planetary plates (Blunt and 
Keller, 2006) 
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2.3.3 Sikorsky S-92A Helicopter 
 According to the European Aviation Safety Agency (EASA, 2013) in collaboration with 
Transport Canada Civil Aviation (TCCA) and Federal Aviation Administration (FAA), a 
Canadian-registered Sikorsky S-92A helicopter experienced an in-flight loss of 
lubrication of its main gear box, which eventually led to a crash. As a result EASA 
published guidelines to control the certification of helicopter main gear boxes (for 
compliance with Certification Specification – CS 29.927(c) – Lubrication System 
Failure), to ensure that the rotor-crafts would have sufficient time to land safely in the 
event of loss of lubrication.  The Sikorsky S-92A helicopter in question lost its 
lubrication as a result of the failure of titanium studs on the oil filter. Most helicopters use 
pressurised or forced lubrication and any damage to the oil system will cause a rapid loss 
of all the lubrication oil. The lack of lubrication in a gear box, without an alternative 
system, will cause excessive friction which will further lead to damage of the parts 
followed by catastrophic loss of the rotor-craft. The guidelines provide a test procedure 
(Appendix: E) to test the endurance of the gear boxes in the event of a complete loss of 
lubrication, before they can be certified fit for use. According to Dixon (2011) the 
investigation indicated that there was no sign that the main rotor blades were still rotating 
when the rotor craft hit the water, showing that the transmission had seized to operate 
earlier on due to the damages sustained. The picture of the tail rotor power take-off drive 
pinion (Figure 2.7), also testifies that the loss of oil in the main transmission resulted in a 
dry run (which was reported to have lasted only for eleven minutes) which caused the 
components of the transmission to run hot and melt, rendering the drive null and void, 
causing the helicopter to crash. To counteract this problem, different oils and gear 
coatings (such as; Molybdenum Disulphide – Titanium (MoST) composite), which 
exhibited self-lubrication at high contact pressures and sliding (after the complete loss of 
oil), at speeds up to 3000 RPM (Amaro, Martins, Seabra and Brito (2003)) have to be 
tested for their endurance to maintain lubrication for at least thirty minutes. South 
African organisations such as Denel can be resourced to enable them to perform such 
tests to keep abreast with the dynamics of the aero industry. 
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Figure 2.7: Damaged tail take-off pinion on right (Dixon, 2011) 
 
2.3.4 McDonnell Douglas Hughes 369E Helicopter 
According to the Australian Transport Safety Bureau ‘ATSB’ (2014) an investigation into 
the damage of a McDonnell Douglas Hughes 369E helicopter tail rotor drive shaft was as 
a result of twisting buckling failure due to excessive torsional loads, though there was no 
evidence of material distortion prior to the failure. During their investigation they looked 
at the following attributes; history of the flight, damage to the aircraft, technical 
information of the aircraft affected part, service history and maintenance with particular 
reference to repair limitations, history of related failures, physical examination 
(including; Scanning Electron Microscope (SEM), visual examination, fracture surface 
examination, chemical analysis, conductivity, hardness), analysis and findings. 
2.3.5 Aerospatiale (Eurocopter) AS332 L2 Super Puma  
According to Blunt and Keller (2006), a super Puma helicopter experienced a grinding 
noise in the main gearbox before the aircraft lost control and also plunged into the sea. 
During the investigation (maintenance data) it was discovered that the gearbox had 
indicated a chip detection, which however was considered immaterial after further 
searches had yielded no signs of more chips. However after the accident and examination 
of the gearbox components, it was established that one of the second stage planetary 
gears had broken as a result of a crack that had progressively propagated  from the inner 
diameter of the gear where the bearing rollers make contact (since inner diameter is 
integrated to form the inner race). The crack was believed to have started as a result of 
the spalling of the inner diameter as a result of dynamic loads onto the bearing, that had 
caused the chip previously detected and had deteriorated over the period unchecked, until 
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it finally surfaced on the gear tooth and subsequently caused the gear to disintegrate. The 
accident on the G-REDL was similar to that which occurred to an SA330J Puma 
helicopter 9M-SSC, in Brunei, in December 1980, when a second stage planetary gear 
broke  and caused damage to the ring gear. However on this occasion, there was a 
misinterpretation of the amount of chips detected as compared to the G-REDL incident 
which only exhibited one chip. 
2.3.6 Other Notable Accidents 
According to Mba, Place, Rashid and Keong (2012) as depicted in Table 2.2; a summary 
of various helicopter accidents occurred as a result of faults emanating from their main 
gearboxes. Most accidents were as a result of an oil leak from the lubrication system, 
while others were due to oil leaks as a result of damages sustained after a mechanical 
fault (such as the breaking of the casing after epicyclical gears disintegrated and the loss 
of oil after their braking of the oil filter bowl titanium studs). The rest of the incidents 
were as a result of undetected wear of mechanical components or the undetected 
deterioration of component condition due to fatigue stress, leading to complete rapture of 
the components. 
 
Table 2.2: Failures of helicopter main gearboxes (Mba et al., 2012)
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2.4 Mil Mi-24 Main Transmission (VR-24 Gearbox) Components  
2.4.1 General Arrangement 
According to the Mi-24 manual (2013); the Mi-24 helicopter main transmission is 
mounted on top of the fuselage and is supported on five struts on the main housing while 
the struts form four mountings on the base on top of the fuselage floor. The main 
transmission which is code named the VR-24 and is driven by two TV3-117 turbo jet 
engines which are mounted in tandem and in front of the main gear box, looking from the 
direction of flight. The two engines are each connected to the main gearbox through a 
uni-ball coupling (Figure 2.8-5) externally, which allows for slight misalignment between 
the engines and the main gearbox and internally connected through the engine take off 
shaft which is coupled to the main gearbox through a sprag coupling assembly (Figure 
2.5-14), which engages and disengages the drive, when the speed of the engine exceeds 
and is exceeded by the speed of the gearbox respectively.  
2.4.2 Main Housing 
According to the Mi-24 manual (2013), the main housing (Figure 4.1-F) is made from 
cast magnesium ML-5 (for composition, see Appendices R and S ) and it consists of the 
main housing, situated centrally and houses the vertical bevel gear assembly, the bottom 
split planetary carrier and gears and the bottom sun gear. The top and bottom of the 
housing is open and flanged to accommodate threaded holes to take up matching studs, 
for mounting the top cover and the sump (Figure 4.1-G and J) respectively. However, just 
above the sump flange there is a circular web (which is integral with the main housing) 
which contains bores to allow mounting and access for the bottom part of the vertical 
bevel assembly and mounting for the accessory gearbox ‘back’ drives, coming from the 
bottom compartment of the main housing. The front of the housing has a provision for 
mounting the bull gear and horizontal bevel gear, while the rear provides mounting for 
the tail rotor hub. The left and right hand side of the main housing provides the 
mountings for the left and right hand accessory gearboxes, while the main housing 
pressure vent’s mounting is provided for between the tail rotor and the right hand gearbox 
mountings.  
2.4.3 Horizontal Drives (Helical Pinion, Bull and Horizontal Bevel Gears) 
According to the Mi-24 manual (2013), the two helical driven gears (Figure 2.5-1, 4) are 
driven by the engine input shafts (from the front) and in turn, both gears give a combined 
drive to the large helical ‘bull’ gear (Figure 2.5-3) which is supported by three bearings; 
two roller bearings for radial loads and one ball bearing for axial loads (all mounted on 
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the main housing). The driving horizontal bevel gear (Figure 2.5-2), mounted on same 
stub shaft as the large helical ‘bull’ gear, meshes with the driven top vertical bevel gear 
(Figure 2.5-7) and its stub shaft is supported by three bearings; two roller bearings for 
radial loads and one ball bearing for axial loads. The position and mesh of the top vertical 
bevel gear is controlled by a shim between the top vertical bevel (Figure 2.5-7) and the 
bottom vertical bevel (Figure 2.5-5) gear. All the gears are made from chromium-nickel 
alloy steel (for composition and properties, see Appendices; R, T, U and V). 
2.4.4 Vertical Drives (Vertical Bevel, Sun, Planetary and Ring Gears) 
According to the Mi-24 Manual (2013) the top sun gear (Figure 2.5-13) is connected to 
(and driven by) the vertical bevel gear (Figure 2.5-7) stub through splines on both the 
splined bushing (top sun gear adapter) and the top sun gear. The top sun gear drives five 
satellite or planetary gears (Figure 2.5-12) which are each supported on two roller 
bearings which are in turn mounted on the satellite gear carriers. The satellite gear 
carriers (not shown) are made of chromium-nickel alloy steel (for composition and 
properties, see Appendices: R, T, U and V) and are split in two halves and bolted 
together.  The top carriers are bolted to the flange of the rotor mast (Figure 2.5-26) and 
transmit the torque to the rotor mast. The bottom ring gear (Figure 2.5-10) is attached to 
the top carriers through splines (self-centring) and it in turn drives the seven bottom 
satellite gears (Figure 2.5-9) which are held in roller bearings, held between two halves of 
the stationery bottom carriers (not shown). The bottom satellite gears in turn drive the 
slipping bottom sun gear (Figure 2.5-8), supported in a roller bearing, to close the 
compound train. All the gears are made from chromium-nickel alloy steel (for 
composition and properties, see Appendices; R, T, U and V). 
2.4.5 Top Cover  
The top cover (Figure 2.8-7), which is made from cast magnesium, is mounted on top of 
the main housing and it provides mounting for the main rotor main bearing, which in turn 
provides mounting for the main rotor (Figure 2.8-1) together with; the bottom ring gear, 
the top ‘split’ planetary carrier plates and the top planetary gears. The top cover has a 
flange on the bottom to suit the top of the main housing while its top has a bore to take up 
the main rotor assembly. On top of the top cover is a long rectangular flange (Figure 2.8-
24, 28) which provides mounting for the bracket for the flight control servos and the 
collective lever mount (Mi-24 Manual, 2013). 
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2.4.6 Main Rotor Assembly 
According to the Mi-24 manual (2013) the main rotor mast shaft (Figure 2.8-1) is made 
from chromium-nickel alloy steel (for composition and properties, see Appendices: R, T, 
U and V) and is supported with a ball bearing (positioned at the top of the top housing), 
which takes up both the radial and axial force and a roller bearing which takes up only 
radial forces. The main rotor flange has a provision for mounting the top carriers, which 
in turn provides drive to the bottom ring gear through matching splines. The main shaft 
top bearing inner ring of the ball bearing is a tight fit onto the shaft and is secured by a 
torqued nut, while the outer race is supported in a sleeve which is a press fit onto the 
casing.  
2.4.7 Accessory Drives and Other Accessories 
According to the Mi-24 manual (2013) the left power-take-off housing (Figure 4.1-K) 
consists of the main hydraulic system pump drive and the two tach-generator drives, 
while the right hand (Figure 4.1-D) consists of the two back-up utilities hydraulic drives 
and the compressor drive. The tail rotor drive and the main transmission brake 
mechanism (Figure 4.1-E) are both located at the rear of the main gearbox, directly 
opposite the front of the gearbox. The oil pump drive (Figure 2.5-21 and Figure 4.18-B) 
is located on the bottom of the sump which is mounted at the bottom of the main gearbox 
casing. The other accessories (Figure 4.18) include; the oil filling port, the oil sight glass 
and the oil filter are all located on the sides of the oil sump.  
2.4.8 Main Rotor Brake 
According to the Mi-24 manual (2013) the purpose of the main rotor brake (Figure 4.1-E 
and Figure 4.5) is to bring the rotor to stop in the shortest time and also to jam the 
transmission while the helicopter is stationery or during maintenance. The main rotor 
brake mainly consists of the brake housing, the brake drum, the brake shoes and the 
associated linkages. The brake housing (Figure 4.5-D) is mounted to the main casing tail 
rotor quill or sleeve, by use of six bolts. The brake shoes are mounted on the brake 
housing, through pins and linkages. The brake drum (Figure 4.5-C) is mounted to the 
flange of the off-take stub shaft (with four bolts) and over the brake shoes, leaving a 
clearance between to allow for rotation of the drum. When the brake control cable link 
(Figure 4.5-F) is pulled, the linkages (Figure 4.5-H) leverage and this results in the brake 
shoes and pads (Figure 4.5-G) being pushed outwards to touch the inside of the drum, 
there by retarding it. When the brake cable link is relaxed the return spring pulls the 
whole linkage (including the pads) back to normal position. The gap between the brake 
25 
 
pads and the brake drum should be between 0.2 to 0.3mm and can be adjusted while the 
transmission is stationary, by use of an adjusting nut (Figure 4.5-J). After a ground test 
run of the transmission, the mechanism should be allowed to come to rest without the 
application of brakes, then the brakes should be checked by hand for heating; the drum 
should not be hotter than the drive shaft or the output quill or hub. 
 
 
Figure 2.8: Mi-24 Main Transmission (VR-24); (Mi-24 Manual, 2013) 
 
2.5 Bearings  
2.5.1 Bearing Design Requirements 
According to Timken (2010), bearings are designed according to the following 
requirements; 
1. Performance Requirements – which include; a defined level of rotational freedom 
and a defined level of position control from basic free movement to high-
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frequency movement or vibration (for instance 0.004 to 0.008mm run-out, see 
section 2.5.7). 
2. Application Parameters – which include; physical (space, shape, weight, 
integrated features (Figures 2.9 and 2.10) and operational temperatures), operation 
parameters (speed – which govern the number of load cycles and hence bearing 
life, and loads – broken down into axial, radial and moment), environment 
(temperatures, exposure to magnetic fields, radiation or corrosive environment), 
economic (total system cost). 
3. Potential Damage Modes – which include; wear (foreign material), etching  
(corrosion), inadequate lubrication, fatigue spalling, excessive pre-load or over-
load, excessive end-play, misalignment and inaccurate machining of seats and 
shoulders, handling and installation damage, damaged bearing cages or retainers, 
high spots and fitting practices, improper fit in housings or shafts, brinell and 
impact damage, false brinelling (Appendix: A), burns from electric current, cam 
fracture. 
4. Bearing Design – which include; a) lubrication type, method and/or quantity, b) 
use of shields and/or seals, c) cage configurations, material and clearances, d) 
basic tolerance and modifications. e) radial play or contact angle (for instance 
0.004 to 0.008mm run-out, see 2.5.7), f) preload, g) material variation, h) contact 
area geometry modifications (curvature, crowning, etc.), i) special ball or roller 
complements, j) complete special and/or integral designs (Figures 2.9 and 2.10).  
2.5.2 Aerospace Bearings 
According to FAG Schaeffler Group (2005) bearings for aviation and aerospace 
applications are high precision components which should withstand extremely high 
temperatures, demanding load profiles and very high speeds. Specific application 
bearings are therefore made to suit special conditions and therefore; with the advent of 
superior design and manufacturing methods, materials and treatment technology and 
precision measurement methods, it is increasingly possible to meet such extreme 
demands to satisfy the market. Corrosion is one of the causes of bearing failure and more 
innovation is put in discovering material compositions which inhibit bearing corrosion, to 
improve reliability and extended service life. Helicopter bearings are often protected 
from fretting corrosion by being given a special coating. Due to today’s demands of 
reliability, long service life and weight reduction, there is need for component integration 
(Figures 2.9 and 2.10) during bearing design, hence bearing manufacturers are also 
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specialising in the manufacturing of specially integrated aerospace components, to 
eliminate interfacing components which are a risk to weight and cost addition. Bearings 
are commonly made integral with gears on their outer races, for weight, cost and space 
serving as alluded to by Cerobear (2014).  
 
     
Figure 2.9: Design feature variations of aerospace bearings (Timken, 2010) 
 
 
Figure 2.10: Integrated Special Features (Cerobear, 2014) 
2.5.3 Bearing Quality 
According to FAG Schaeffler Group (2005), any form of imperfection or damage on aero 
bearings can be a cause of catastrophic failure, which will result in loss of life and 
machinery. Due to this, bearing manufacturing is closely monitored through the use of 
proved Quality Management Systems to ensure compliance to high standards, which will 
result in safe and cost effective operations. The use of highly sophisticated techniques 
Special features 
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weight, space 
requirements and 
enhance easy 
fitting and 
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Special features 
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and equipment during the production and testing (including real life simulation 
techniques) of aero bearings ensures that bearings are made to the highest perfection 
befitting their application; thereby testing new materials, processes, integrity and 
capability of new components and life expectance predictions.  
2.5.4 Bearing Materials 
FAG Schaeffler Group (2005) states that to increase bearing service life; high alloy, wear 
and corrosion resistant steels and other special materials (ceramic rolling elements) 
should be used. Soviet helicopters’ rolling element contact bearings (races, balls and 
rollers) are made from American equivalent alloy steel; SAE 52100, while cages are 
made from bronze or aluminium alloy (Chaiko, 1990). According to Timken: Aerospace 
Space Design Guide (2010), aerospace bearings are basically made from vacuum-
degassed High Chrome 52100 bearing steel (AMS 6440) and the races and rollers are 
case hardened and tempered and are able to withstand temperatures from -54 to 177 
degrees Celsius. Other bearing special materials include; CEVM 52100 (AMS 6444) 
consumable electrode vacuum re-melt (higher capabilities than the standard 52100 
material), VIM-VAR M-50 (AMS 6491); extra benefits of reliability and fatigue strength,  
VIM-VAR-M-50 NIL (AMS 6278); improved fracture toughness due to its softer core. 
FAG Schaeffler Group (2015) states that bearings are made of corrosion resistant steels 
(Cronidur® - High Nitrogen Steel) or are coated with special corrosion resistant coatings 
such as Corrotect® plating, to protect them from corrosive environments (FAG 
Schaeffler Group, 2015). The Mi-24 gear box’s bearings look similar to their western 
counterparts, though the type could not be ‘specifically’ identified; these bearings are 
mostly roller or deep groove ball bearings without a conventional inner race (for the 
roller bearings as they utilise a sleeve integral with shaft) with the rollers held by the 
cages. All the bearings are not sealed to allow spray lubrication, usually from both sides 
of the bearing. 
2.5.5 Bearing Damage 
According to Timken (2010); the common factor that determines bearing life is fatigue 
failure, which generates as a result of spalling (Appendices N and O), which is in turn a 
result of cyclic stress reversals on the rolling element contact surfaces, further resulting 
into actual loss of metal. If the vibration and noise levels are not of concern, and the 
system continues to be run as is, this will further cause the wear and breakage of the cage 
or one of the races and cause a complete jam and destruction of the bearing and 
associated components. In order to prevent rolling components from deterioration, 
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magnetic particle detection devices are put in place in order to detect early bearing and 
gear wear and raise an alarm immediately, to protect the components and probably the 
whole assembly from complete destruction which will result in fatalities. Timken (2010) 
also states other modes of damage that may result in an accelerated reduction of design 
life as; brinelling, wear caused by loss of lubrication or introduction of abrasive particles, 
Ball/roller skidding, ring or ball fracture or cage fracture caused by; improper mounting 
or extreme loads, rotational interference caused by debris, lubricant oxidation, lake of 
radial play due to improper fitting and corrosion. 
2.5.6 Bearing Refurbishment and Remanufacturing  
According to FAG Schaeffler Group (2005) there has been an increase of bearing surface 
defects due to the increases in loads, temperatures and speeds in aero engines and 
gearboxes; hence most manufacturers are geared to make products whose characteristics 
surpass the effects of operating conditions. In the past bearings used to be replaced during 
prescribed service intervals, to avoid catastrophic technical failures, but due to increasing 
costs of both materials and manufacturing, there is a growing need for refurbishment and 
remanufacturing of bearings to almost as ‘new conditions’. The diagnosis of failures and 
defects is used to determine the refurbishment processes to remove all the life or 
reliability threatening features and restore the integrity of the bearings without 
compromising safety. 
2.5.7 Bearing Tolerances 
According to Timken (2010) bearings are designed to high precision to meet high 
operational speeds, hence special attention should be given to configuration and material 
type, to improve service life. Generally ISO 5 (ANSI/ABMA 5) is the aerospace bearing 
tolerance, while ISO 4 and 2 (ANSI/ABMA 7 and 9) are utilised where accurate 
positional accuracy is required (Table 2.3). A snapshot on the bearing tolerances 
indicates the following; tolerance on inner race bore diameter is +0.0000 to -0.005mm for 
bore diameters from 2.5 to 10mm and +0.0000 to -0.009mm for bore diameter from 50 to 
80mm, while their radial and axial run-outs are; 0.004 to 0.005mm and 0.007 to 0.008mm 
respectively. For outer rings; outer diameter tolerances are +0.0000 to -0.006mm and 
+0.0000 to 0.009mm while diametric taper (maximum) are 0.003 to 0.005mm for the 
mentioned diameters respectively (Tables 2.3, 2.4 and 2.5). 
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Table 2.3: Comparison of Tolerance Classifications of National Standards (NTN 
Corporation, 1997) 
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Table 2.4: Table: Inner Ring Tolerances (Timken, 2010) 
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Table 2.5: Table: Outer Ring Tolerances (Timken, 2010) 
 
 
2.6 Gears and Shafts  
According to Bellocchio (2005) Gears are significant parts of any transmission system 
and they form part of the high precession components which serve to reduce or increase 
the speed, to change the direction of the drive and to split or combine torque. According 
to Chaiko (1990) aviation gears are made from chromium-nickel alloy steels of the 
grades; 3310H, 3310, E9310, 4317H and M315, while the shafts are made from 3310h, 
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3310 and 4317H steels (American equivalence) which are subjected to carburising, 
nitrating or cyaniding (to improve shell hardness, while the core remains tough) and 
whose compositions and properties are as indicated on Appendices: R, T, U and V. 
According to Limits and Fits (1989), the nominal H (hole basis fit) and the nominal h 
(shaft basis fit) tolerances are both used; with the hole basis system being used with 
stepped shafts, while the shaft basis is used where a uniform diameter shaft is used, to 
accommodate a variety of accessories such as couplings, bearings, collars and gears.  The 
preferred hole tolerances are H11, H9, H8 and H7; while the preferred shaft tolerances 
are h11, h9, h7 and h6. Both gears and shafts (including splined coupling drives) conform 
to ISO standards of Limits and Fits (Limits and Fits, 1989) and their tolerances (for the 
commonly used transition fits, for example;  H7/k6 – Hole Basis) range as follows; a) 
Nominal Diameter 30mm – Hole size is 30.000 to 30.025mm and Shaft size is 30.002 to 
30.018mm; and b) Nominal Diameter 200mm – Hole size is 200.000 to 200.046mm and 
Shaft size is 200.004 to 200.033mm (Appendices: X, Y, Z and AA).  
There are several types of gears that can be used to transmit loads, namely; spur, bevel, 
helical, planetary, worm and worm wheel, cross helical or hypoid, spiral and face gears. 
An extract of the summary of gear applications is shown on table 2.6. 
  
Table 2.6: Gear Types and Applications (Bellocchio, 2005) 
 
 
 
2.6.1 Spur Gears  
These gears have straight teeth and transmit motion in parallel without exerting any axial 
loads, during the process. They are well suited for use on helicopter gear boxes’ 
epicyclical transmissions and they tend to reduce transmission weights due to non-use of 
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additional thrust bearings, though they tend to be noisy due to their low meshing angle of 
contact. Spur gears are not traditionally high speed gears, but have however been 
developed to become suitable for the very high speed aero applications (Bellocchio, 
2005). 
 
 
Figure 2.11: Spur Gears (Bellocchio, 2005) 
 
2.6.2 Helical Gears 
Helical gears have their teeth in an angled direction from the gear axis, usually between 
15 to 30 degrees. This enables them to have a higher face contact area, low operational 
noise, higher speeds and loads applications, though they exert axial loads, which will 
require the use of thrust bearings. They however still transmit loads through parallel 
shafts, just like the spur gears (Bellocchio, 2005) 
 
 
Figure 2.12: Helical Gears (Bellocchio, 2005) 
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2.6.3 Bevel Gears 
Bevel gears are typically used to transmit loads between shafts at an angle, ranging 
between 0 and 115 degrees; they are normally applied between shafts at 90 degrees. They 
can either be spur (straight teeth) or helical (curved teeth) and these different forms’ 
functions relate in the same way as the spur and helical forms described in section 2.6.1 
and 2.6.2. Though they need multiple bearing restraints, they remain better suited for 
helicopter high loads and speeds applications, due to their high contact ratio and small 
gear pitch (for the same contact stress), permitting use of coarse teeth thereby increasing 
bending strength (Bellocchio, 2005).  
 
       
(a) Straight      (b) Helical 
Figure 2.13: Bevel gears (Google, 2014) 
 
2.6.4 Epicyclical Gears  
According to Saklidir (2011), epicyclical gear drives consist of the sun gear, the planetary 
gears, the ring gear and the carrier plates, whose purpose is to hold the planetary gears’ 
bearings and stub shafts in place. These gear drives are used to obtain high rotational 
ratios utilising a small number of gears with of relatively small dimensions. Generally the 
input and output shafts are co-axial, ensuring a compact assembly with great reduction 
ratios no reduced radial loads, reduced noise and ability to use planets in steps. Their co-
axial ability also enables the helicopter’s main rotor shaft to be fully supported resulting 
in reduced vibrations.  
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Figure 2.14: Epicyclical Gears (Epicyclic Gears, 2014) 
 
2.6.5 Gear Materials 
According to Bellocchio (2005) aerospace gearing is made out of carburised and case-
hardened alloy steels to enable them to withstand scuffing damages, while at the same 
time they should have a tough core to withstand high loads. Also according to Chaiko 
(1990) Soviet aviation gears are made from chromium-nickel alloy steels of the following 
American steel alloys equivalents; 3310H, 3310, E9310, 4317H, M315, which have been 
subjected to carburising, nitrating or cyaniding. Tables 2.7 and 2.8, show some of the 
aerospace chromium-nickel alloy steels, their characteristics and applications. 
 
Table 2.7: Spur-Helical Gear Steels (Bellocchio, 2005) 
 
Sun gear 
Planet gear 
Ring gear 
Arm/Carrier 
Output Shaft 
Input Shaft 
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Table 2.8, lists the suggested steels for aerospace bevel gears; all material grades can be 
used for accessory drives, but only grade 3 (Case Hardened Steel with high case, core and 
Brinnel hardness and high bending and contact stress) materials are recommended for use 
on the main drive. 
 
Table 2.8: Spur – Bevel Gear Steels (Bellocchio, 2005) 
 
2.6.6 Gear Failures  
Aerospace gears should withstand bending fatigue, surface compression and scoring, of 
which the most severe is bending fatigue, due to its catastrophic consequences. Surface 
compression (pitting) and scoring failures are durability type failures, which will, with 
time develop cracks and eventual breakdown. Bending fatigue will result in cracks which 
will increase vibrations, further leading to breaking up of the component, resulting into a 
lock-up of the transmission components, causing severe damage and catastrophic 
consequences. Illustrations (Figures 2.15 and 2.16) of the occurrence of bending fatigue 
and surface compression and Appendix P (Gear Failures), for further information on 
common gear failures, which can be encountered on gearboxes. 
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Figure 2.15: (a) Bending Stress    (b) Brocken teeth due to bending fatigue 
(Bellocchio, 2005 – from AGMA, 1994)        (Gopinath and Mayuram, 2013) 
 
 
          
Figure 2.16: (a) Compressive Stress     (b) Damage due to Spalling  
(Bellocchio, 2005 – from AGMA, 1994)      (Gopinath and Mayuram, 2013) 
 
Spalling – in case-hardened gears or components, the variable ‘compressive’ stresses in 
the underlying layer may lead to surface fatigue result in flaking (spalling) of material 
from the surface as shown in Figure 2.16b (Gopinath and Mayuram, 2013). 
Pitting – occurs due to repeated loading of tooth surface with the contact ‘compressive’ 
stress (Figure 2.17) exceeding the surface fatigue strength of the material, resulting in 
material in the fatigue region getting removed and pits are formed. The pits will cause 
stress concentration and subsequently, may cause fracture of already weakened tooth, 
over millions of cycles of running (Gopinath and Mayuram, 2013). 
 
   
Figure 2.17: Pitting on gear teeth          Figure 2.18: Scoring on gear teeth  
(Gopinath and Mayuram, 2013)         (Gopinath and Mayuram, 2013) 
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Scoring/Scuffing – takes place when lubrication fails in the contact region resulting in 
establishment of metal to metal contact, followed by the welding and tearing action 
which further results in the separation of metallic chips from the parent metal, as shown 
on figure 2.18. This will result in the formation of fractures which will result in the 
complete breakage of gear teeth. (Gopinath and Mayuram, 2013) 
2.7 Lubrication 
2.7.1 Mi-24 Main Transmission Oil System 
According to the Mi-24 manual (2013) the main transmission oil is contained in the oil 
sump, mounted below the main casing. The oil system (Figure 2.18) comprises of the 
internal system (oil sump (3), pump (9), three magnetic plugs (6), filter (12), oil pressure 
and temperature sensors (14) and a low pressure oil transmitter). The external system 
consists of the metal chip detector and filter (16) and the pipes coming to and from the 
side of the sump to the oil coolers (2). The transmission oil used amounts to 39 litres of 
BV-3 oil (MIL-L-23699 or Castrol 38), most of which will be in the sump while about 
less than 1% will be in the lines and coolers. The oil flows from the scavenge side of the 
pump to the metal chip detector/filter to both coolers and the cool oil comes from the 
coolers to the cold section of the sump and is pumped by the delivery side of the pump to 
the internal oil system to lubricate gears and bearings. After the lubrication cycle the hot 
oil drains back to the sump’s hot chamber through gravity (if there was metal detected in 
the oil system, then the gearbox and the oil coolers should be replaced and all the oil 
flushed out).  
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Figure 2.19: Mi-24 Main Transmission Lubrication System (Mi-24 Manual, 2013) 
 
2.7.2 Effects of Loss of Lubrication on Helicopter Transmissions 
According to Timken (2010), the primary purpose of lubrication is to minimise rolling 
resistance, reduce frictional losses, also to dissipate heat and protect from corrosion. In 
the absence of lubrication, metal temperatures will soar causing the malfunctioning of 
bearings, couplings, gears and clutches, resulting in a complete breakdown; and this will 
be coupled by the loss of desired and designed material properties which will 
subsequently lead to catastrophic components failure. For very high speeds application, 
oil jets are directed at the inner race as the tendency of the centrifugal forces is to throw 
out the oil to the outer race, leaving the highly stressed inner race without adequate 
lubrication. Accumulation of lubricant can also be problematic, hence there must be 
adequate used oil escape ways to avoid heat retention and drag on the bearing. In medium 
speeds application, jet lubrication is still recommended if heat transfer is required. 
Bearing life can also be prolonged if the lubricant thickness matches the surface finish on 
the contact areas to ensure a constant fluid film cover, to avoid metal to metal contact 
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which results in accelerated wear. Timken (2010) further states that, lubricants are 
temperature limited (mineral oils may be utilized at temperatures not exceeding -40°C to 
107°C, while synthetic esters and di-esters may be utilized at temperatures not exceeding 
-54°C to 176°C). Degradation of the lubrication film is most affected by oxidation and is 
accelerated at higher temperatures. It should also be noted that to get the best benefits 
from the applied lubricants, they should be filtered (for moderate to high speeds, use of a 
3 to 5 micron filter is advised) to avoid circulation of loose abrasive debris. When 
ordering bearings, ensure that correct specifications are in place for the selection of 
appropriate lubrication oil (Appendix: L). According to EASA (2013) Certification 
Memorandum, consideration for the addition of certification tests were based on the 
pressurised lubrication system (which usually comprises of both internal and external 
systems, which can result in external leaks), since it is critical compared to splash, in 
terms of damages sustained.  
2.8 On-board Systems Fault Detection  
According to Patrick et al. (2007) there are on-board systems that have been designed to 
detect faults in the helicopter transmission, to quantify the extent of the fault and to 
determine the Remaining Useful Life (URL) of the components before catastrophic 
failure. Diagnostic models are also used to simulate changes in vibration data, which is 
stimulated by the change in the angular spacing of planetary gears as a result of the 
separation of the carrier plate due to the presence of a crack. The bigger the crack 
becomes, the worse the vibration and hence the earlier the predicted time to failure will 
become; and all this is monitored by the operator or maintainer to enable appropriate 
interventions. Girondin, More, Pekpe and Cassar (2012) have also created a signal 
oriented model of vibration monitoring for epicyclical gears, which anticipates the 
influence (signs) of some damages.  
 
2.9 Typical Component Damage and Repairs 
2.9.1 Cracks, Wear, Dents and Scratches 
Cracks are typically caused by material fatigue and propagated by cyclic loads and 
vibrations, leading to complete breakages of affected components, causing catastrophic 
accidents in rotor crafts. Affected parts can be detected by changes in vibration signals in 
on-board monitored machines or by visual (Appendix G) and Non-Destructive 
Examination (NDE) checks. Cracked components are usually replaced or where possible 
the crack is ground out and the opening or depression is filled or closed by welding or the 
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new method of cold spray (which is more favourable as it does not affect or distort the 
structure of the parent material). Winnaar (2014) also states that bearing mounts should 
be checked for wear, cracking or plastic yielding and should be repaired (if they are 
found to be unsatisfactory); and also suggests that thermally fitted liners should be used if 
mounts have become loose. According to Gopinath and Mayuram (2013), abrasive wear 
can be caused by entry of dust or other abrasive material, into the lubrication system; 
while corrosive wear is as a result of chemical action in the lubrication (due to acidic 
lubricants). Abrasive corrosion can be experienced on helicopter gearboxes during 
operations in the desert (this can be countered by introducing a slight pneumatic pressure 
in the gearbox), while chemical corrosion can be experienced on poorly protected 
surfaces at sea. During this research, a section of the magnesium casting (the right hand 
accessories gear box cover of the Mi-24 main transmission) was dipped into a salt 
solution and left exposed in the sun for four weeks, became badly corroded (pitted) to the 
point of getting holed at one point. With the advent of the Cold Spraying technology 
especially used in the USA military laboratories, (which is similar to the one at the Cold 
Spray laboratory at the University of Witwatersrand) the component can be restored back 
to its original profile, through the research initiatives being undertaken in the School of 
Mechanical and Aeronautical Engineering. The cold spraying process in this case will 
include surface preparations by grinding to flatten the pitted surface, followed by powder 
selection, parameters selection and finally the actual spraying process and the testing of 
the created layers, for intended characteristics. According to ATSB (2005) dents and 
scratches should not exceed the tolerances as set on the Table 2.9. If these tolerances are 
exceeded then the dents or scratches should be removed by grinding and polishing until 
they disappear or else the component has to be replaced or repaired by cold spray. 
 
Table 2.9: Damage tolerance limits for the tail shaft (ATSB, 2005) 
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2.9.2 Magnesium Housing Repairs – Cold Dynamic Spray 
Huang and Fukanuma state that spray particles are injected into a supersonic jet and 
accelerated to velocities between 300 to 1200 metres per second though the gas is heated 
to below the melting temperatures of both the substrate and the coating materials. The 
advantage of this over conventional hot spray techniques is that there are no structural 
changes to the materials since upon impact the spray particles become severely deformed 
causing the bonding with the substrate. Douglas et al., also suggests that the inventor  of 
the cold spray process (Anatoli Papyrin) and other researchers, have indicated that the 
technology can be used with a wide variety of metallic, dielectric (ceramic), metallic 
alloys and mixed combinations can be utilised on a variety of substrate materials. The 
characteristics of cold spray include extra low oxygen content, no residual stresses, no 
grain growth and no phase change, making this process more suitable for heat sensitive 
alloys. 
 
In the case of aircraft components such as helicopter magnesium gear box housings, 
which are vulnerable to corrosion attacks, could not be successfully repaired by the 
conventional thermal methods (due to porosity, heat distortion and oxidation) and due to 
the high costs associated with replacement of components, the US Army Research 
Laboratory (ARL) has qualified the cold spray method as an excellent substitute 
(Villafuert and Wright, 2010). According to ARL (2011), on their cold spray programme 
technical review; major breakdowns and huge costs were experienced by the army due to 
wear and corrosion problems of magnesium gear boxes, on the UH 60 helicopter. 
Replacement costs were then above USD 800 000.00 for each gearbox, hence there was 
need to find an alternative means of restoring (by cold spay) the damaged gearboxes 
rather, at a reduced cost. The spray powders used in this case were ZE41A and AZ91C 
Magnesium used as substrates while CP-Aluminium and/or 6061 Aluminium were used 
as coating material after building (by cold spray) to prevent further attack from corrosion 
and they all produced satisfactory results (Figure: 2.20). 
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(a) Before Repair     (b) After Repair 
Figure: 2.20 Cold Spray Repair of Magnesium. (ARL, 2011)  
 
2.9.3 Bearing Repairs 
According to FAG Schaeffler Group. (2009) – Aerospace Repair Services, bearing 
repairs have a turn-around time of 7 days and are much less cheaper than new bearings 
which have a lead time of 12 to 24 months, leading to equipment down-time. The 
approved re-manufacturing levels can be described as follows: 
Level 1: Cleaning, minor buffing, dimensional and visual inspection of bearing 
components 
Level 2:  Level 1 plus – refinishing of raceways, replacement of rolling elements, 
bore plating as required, and re-plating or replacement of cage as required 
Level 3:  Level 2 plus – regrinding of one component Level 4: Level 3 plus – 
replacement of one bearing race. Can also include updating to 
the latest configuration with new part number assigned. 
Level 4:  Level 3 plus – replacement of one bearing race. Can also include updating to 
the latest configuration with new part number assigned. 
According to AirGroup (2011), there are four classes of bearing refurbishment, in order 
from basic inspection and cleaning to grinding, polishing or replacement of raceways and 
conducting of NDT, similar to FAG Schaeffler Group methodology described above. The 
brochure also indicates the cost range from 10 – 15% for Level I, 25 – 30% for Level II, 
50% for Level III and a quotation for Level IV. 
2.9.4 Shaft Repairs 
According to EDAC (2014) typical shaft repairs include chrome plating or High Velocity 
Oxygen Fuel (HVOF) plasma repairs of bearing journals of aero engine components. 
According to the AWC (2014) the extreme velocities provide extra energy in HVOF 
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thermal spray coatings and this makes it especially dense, long-lasting and very well 
adhered in the as-sprayed condition. The benefits include: 
• Obtains 1% (each) or less porosity and oxides. 
• Bond strength of 10,000 psi and over. 
• Depending on the type of coating being applied, Rockwell hardness in the high 60's 
can be achieved. 
• HVOF Tungsten Carbide coatings have excellent resistance to reciprocating wear 
and fretting. 
• The hardness and density of coatings allows obtaining Roughness finishes of 8 or 
less. 
According to Surcotec (2015) Surcotec (in partnership with Thermaspray), certified level 
2 and 1  Eskom nuclear suppliers, are leading organisations in South Africa; which can 
perform component  repairs using the HVOF process and finishing with precision 
grinding. 
2.9.5 Gear Repairs 
Davoli and Michaelis (2007) listed the five common gear failure modes as; bending 
fatigue, pitting, micropitting, scuffing, and wear (as described on Appendix: A). 
According to Rao (2009) a study carried out indicated that the U.S. Marine Corps, CH-46 
Sea Knight helicopter was suffering from scraping a lot of transmission gears in the 
“mix” gear box and in the main transmission. The gears were scrapped due to minor 
Foreign Object Damage (FOD) and grey staining, which can be repaired by the Isotropic 
Super Finishing (ISF) process. This process is used to repair gears by removing surface 
damage, while maintaining OEM specifications on gear size, geometry and metallurgy. 
Considering that procurement of these gears is in the region of 18 months; utilising the 
refurbished gears (with superior characteristics due to the superior finish) than new ones, 
would greatly save on downtime and costs. According to Haas (2014), the minimum 
calculated service lifetime of all the individual gears in the planetary gearing system was 
found to be 6 810 hours (within the required factor of safety of 1.15), which exceeds the 
required minimum of 3 000 hours, even after a weight reduction above 6%. This means 
that the design of the Mi-24 Helicopter gearbox by far exceeds the current set standards 
and hence can be extended, of course after further rigorous studies, tests and 
authorisations. According to the Indian Air Force (2010) also estimated the extension of 
the times between services of the same helicopter to be almost double (see Annexure: M). 
Gear repairs in South Africa can be performed by companies such as; David Brown, (who 
already have gear grinding facilities) through grinding to remove minor surface defects 
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such as scuffing, pitting and grey staining. Another advanced method of gear repairs is 
the ISF process, which can produce finer finishes within OEM profile and size tolerances; 
and this equipment, can be acquired when required and appropriate induction can be done 
for already qualified technical staff in organisations within South Africa (such as David 
Brown, Denel and SAA). 
2.10 Retirement of Helicopter Gearbox Components 
According to a USA Army (2003); the accessory gearbox of the main transmission sprag 
clutch’s new retirement life was up-graded from 750 to 1000 flying hours, due the re-
examination of probabilities, components and flight history of rotor-craft. Also according 
to another USA Army (2005); the Army Management developed the fact that; utilizing 
the PMD, the increase of the PMS of 10 hours/14 days to 25 hours/14 days and the PM 
from 250 to 500 hours, will greatly increase the rotor-craft availability, reduce 
maintenance man-hours; while not compromising on safety. Also according to a 
presentation by the Indian Air Force (2010), the Mil Mi helicopter variants’ lives were 
recommended to be extend from 15 to 35 years   for medium lift and 20 to 35 years for 
heavy lift and attack helicopters (Appendix: M).  
 
According to USA Army (2002a); it is the responsibility of the Maintenance Officer to 
increase both the scope and frequency of inspections, if normal phases are exceeded due 
to emergency situations. A pre-inspection Maintenance Test Flight (MTF) to duplicate 
non-hazardous equipment problems, determine unsatisfactory conditions and equipment 
operation problems, including other problems, is recommended prior to start of aircraft 
disassembly for phased maintenance inspection. For those parts that have pegged Time 
Between Overhaul (TBO) and Retirement Life, a check will be made to verify their status 
(in terms of flight hours) before the beginning of the applicable Phased Maintenance 
Inspections (PMI) and lubrication cycles, if applicable. 
 
2.11 Maintenance Organisation Certification (MOC) 
According to the MOC Regulations (2005) of the Civil Aviation Administration of China 
(CAAC), MOC is intended to ensure standardisation of the administration and 
supervision of civil aircraft maintenance and to ensure the continued airworthiness and 
flight safety of civil aircraft. The maintenance organisations include independent, 
operator or manufacturer and the independent organisations include, domestic, foreign 
and regional. The MOC regulations and requirements are consistent internationally and 
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more or less similar to those alluded to by the Canadian Aviation Regulations (CARs) 
and Federal Aviation Authority (FAA), serve for the arrangements and terms used.  
2.11.1 Administration of Certification 
According to the MOC Regulations (2005) the CAAC Headquarter Office will audit and 
supervise the work of maintenance organizations pursuant to the assigned responsibilities 
and authorizations granted as follows: 
(a)  Auditing the maintenance organizations applying for the issue of or a change to 
the CAAC MOC 
(b)  Performing the annual audit for domestic maintenance organizations, or the 
renewal audit for the foreign or regional maintenance organization applying for an 
extension to the term of validity of their CAAC MOC 
(c)  Scheduled and non-scheduled inspection or spot-checks performed by principal 
airworthiness inspectors 
(d)  Performing joint audits as arranged by the CAAC Headquarters Office  
(e)  Investigating maintenance organizations regarding quality and safety related 
issues 
(f)  Other supervision, audit or investigation as the CAAC Headquarters Office feels 
necessary 
2.11.2 Application, Issuance and Administration of Certificates 
According to MOC Regulations (2005), the applicant shall be a legal person for the 
organisation and shall be familiar with requirements of the ratings/items applicable for 
Chinese aircraft/components and approved by a competent Civil Aviation Authority 
(CAA) with jurisdiction over the applicant. Application papers and attachments include; 
(a) Application for issue of MOC, (b) maintenance organization manual, (c) company 
maintenance capability list, (d) Compliance statement to the relevant regulation, 
including relevant supporting documents, (e) The foreign and regional applicants shall 
submit a copy of the approval issued by a competent CAA which has jurisdiction over the 
maintenance organization concerned together with the letter of intent from the Chinese 
customer(s) requesting maintenance services. Approvals will be done after satisfactory 
auditing, or by special approvals as a result of emergency repairs  
2.11.3 Potential Maintenance Organisations in South Africa 
According to South African Airways Technical – SAAT (2015), SAAT has component 
repair capabilities, including but not limited to the following components; landing gears, 
engine and electric hydraulic pumps, flap drive gearboxes and local overhaul and 
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manufacture to specifications of engine components. NDI and special processes including 
but not limited to the following; all five NDI inspection principles (eddy current, 
ultrasonic, X-ray, FPI, MPI) and dimensional metrology laboratory. The SAAT team can 
carry out maintenance and repair work, guaranteeing the following: excellent turn-around 
times and dispatch reliability, competitive labour rates, a broad skills-base, 
comprehensive support from component and workshop services, excellent and world-
class facilities and a solid reputation with over 70 years MRO experience certifications 
(South African CAA (AM01); FAA (DW5Y820M); EASA 145.0136; SA National 
Accreditation Standards), as well as a number of international approvals for line 
maintenance. 
 
According to Denel Aviation (2015), Denel Aviation is primarily a Maintenance Repair 
and Overhaul (MRO) company for fixed and rotary wing aircraft including mechanical 
components. The company also provides upgrades and retrofit installations and supports 
the SAAF (since 50 years ago). Denel is also the OEM of the South African Air Force 
(SAAF) Rooivalk combat support helicopter, Design Authority of the SAAF unique Oryx 
medium transport helicopter (whose gearbox was completely manufactured locally) and 
assigned as Design Authority of the Cheetah (Mirage variant) fighter aircraft.  
 
According to David Brown (2013), David Brown has been in the gearbox 
manufacturing industry for more than 50 years and they are involved in manufacturing 
and refurbishing of industrial gearboxes for Africa and the Middle East. David Brown 
(South African) is capable of doing the following; state of the art gear tooth profile 
grinding, cut all gears designed to AGMA, BS, DIN, API and ISO standards, case harden 
gears up to 3m in diameter and accredited with ISO 9000, as a dedicated service and 
repair facility. The plant has expertise in all types of gears including; spur, helical, double 
helical and bevel gearboxes as well as worm gearing and according to Mr P Mahlangu, 
lick grinding can be performed to correct minor gear teeth surface defects (such as grey 
staining and micro-pitting) as long as OEM specifications are not compromised, failure 
which a new gear will be manufactured. When interviewed on 22 October 2015, Mr 
Angelo also confirmed that gear teeth can be ground to +0.02mm and a roughness finish 
of Ra 1.6; of which gear teeth tolerances are within the tolerance limits of the Mi-24 
gears, while their roughness value is below the specification of Ra 0.4 – 0.8.  
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2.12 Methodology  
2.12.1 Reverse Engineering  
Reverse Engineering (RE) has been viewed as an unethical practice in the past fifteen to 
twenty years as it was used to steal designs from stolen items or captured equipment during 
wars, in order to establish a similar or advanced device to counter the competitor or the 
enemy. These days RE is viewed in the light of a professional way to study a certain 
phenomenon or to make vast improvements on existing technology without having to re-
invent the wheel (Brief Tutorial, 2013). 
 
There are a number of applications for reverse engineering, some of which are; 
• Creating data to refurbish or manufacture a part for which there are no 
specifications, or for which the information has become obsolete or lost. 
• Inspection and/or Quality Control - Comparing a fabricated part to its 
Computer Aided Design (CAD) description or to a standard item. 
• Architectural and construction documentation and measurement. 
• Creating three dimensional (3D) data from a model for animation purposes       
(Brief Tutorial, 2013). 
 
The use of CAD and 3D models is essential to create easier referencing during 
manufacturing or quality control processes. There are two methods of establishing the 3D 
diagrams of the parts under consideration, namely mechanical and digitising. The 
mechanical method is whereby dimensions are taken manually using the common 
engineering measuring instruments, incorporating sketching and followed by the 
production of CAD drawings. Digitising involves the scanning of the components using 
radiation-based and automated equipment. Some of the scanners can actually reveal 
internal features of the components making it easier to obtain the necessary dimensions 
and drawings much quickly, thereby saving a lot of time. The end result of these activities 
would be data describing the physical features of the targeted components, which would 
then be used for the production of working drawings (Brief Tutorial, 2013).  
2.12.2 Reverse Engineering (RE) Model 
According to Cosma, Tulcan, Dume, Stan, Iclanzan (2008), RE is a method of re-designing 
a product from the original or physical model without going through the rigours of 
conventional engineering, thereby saving time and costs associated with the whole design 
and manufacturing process (Figure 2.21). In RE, the physical model is converted into a 
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CAD drawing which enables it to be manipulated as if it were an original drawing, to 
obtain new improved design features and enable the easy manufacturing of the same by use 
of modern Integrated Engineering Techniques which encompass both CAD and Computer 
Aided Engineering (CAE). A process called Digital Proto-typing (which also works in 
conjunction with CAD and CAE) is also mentioned and it deals with the simulation of the 
new product to optimise the design without going through the expensive and time 
consuming processes of designing jigs, manufacturing, testing and modifying the prototype 
before it can be acceptable for commercial use.  
 
 
Figure 2.21: Model of Reverse Engineering (Cosma et al., 2008) 
 
2.12.3 Stapler Case Study 
According to Cosma et al. (2008) the plastic handles were also modified in the same 
manner and were simulated accordingly and a weakness on the upper plastic component 
was identified (Figure 2.22-3). This component was then optimised and modified to enable 
it to carry the required force (Figure 2.23-3), after which it passed the simulation test, 
before being certified ready for presentation for manufacturing. This case study bears 
witness to the advantages of RE as compared to conventional engineering approach in 
terms of improving an existing design. 
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Figure 2.22: The original staple insertion/shifting system (Cosma et al., 2008) 
1 – Chase part  2 – Conjugation part 3 – Part driving the staple kit 
4 – Bow  5 – Coil 
 
 
Figure 2.23: The modified staple insertion/shifting system (Cosma et al., 2008) 
1 – Chase part (modified) 2 – Conjugation part (modified) 3 – Part driving the 
staple kit (modified)  4 – Bow    5 – Coil 
 
2.12.4 Product Teardown 
According to Montanha Junior, Ogliari and Back (2007) RE is described as a process of 
getting information from and about an existing product in order to modify it so that it can 
do better functions. There is also mention of the process involving product teardown 
(Figure 2.24) in order to identify the various components of the assembly, to analyse the 
mechanisms and structure of the assembly and to identify their relationships and functions. 
This process involved the teardown of vehicles in order to establish designs to adapt to the 
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local environments and needs. From Figure 2.24, it is evident that a number of sources of 
information could be used for RE; including the print media, internet, fairs and physical 
assemblies, where ever relevant information could be found. The next stage of the process 
includes; analysis of the relevant information, taking pictures, experimentation, quality 
analysis, analysis of components, disassembly and register of systems and components and 
comparison with other designs. The results section includes; technical bulletins, cost 
reduction proposals, technical books, corporative teardown database and physical storage 
of disassembled components.  
 
Figure 2.24: Product Teardown Flow Diagram (Montanha Juniora et al., 2007) 
 
2.13 Conclusions 
This chapter has given a description of the main transmission structures of some of the 
heavy lift helicopters such as the UH 60 Blackhawk, the Sikorsky S-92A, the McDonnell 
Douglas Hughes 369E helicopter, Aerospatiale (Eurocopter) AS332 L2 Super Puma and 
the Mil Mi-24 helicopters. Some of the damages which were investigated on helicopter 
accidents involving these helicopters were also highlighted, including the problems of 
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cracks on the planetary gear holders, vibrations, on-board vibration monitoring systems, 
crack detection, test rig transmission testing, bearings and the loss of lubrication. The main 
transmission of the Mil Mi-24 Main Gearbox (VR-24) was described in more detail and 
included the arrangement of the parts. Bearing types applicable to the aerospace industry 
were also described, including their structures, materials, heat treatments, corrosion 
resistance, sizes and tolerances.  Issues of transmission lubrication, including the lubricant 
types, purpose and the circulation cycle were also discussed. This chapter has summarised 
the types of transmission, gearing, bearings and lubrication, including common problems 
encountered during operations. 
 
The following chapter, Methodology; describes the process followed during RE of 
industrial, manufactured, mechanical or other engineering components. A comparison of 
FE and RE is done, including indicating the applications of RE in engineering practice, a 
snapshot of RE models, a case study of the RE practices, product teardown process, recent 
advances in RE and the process of unpacking the end product of FE to take it back to its 
origination (which is the RE process), are detailed in this chapter.  Then lastly the 
methodology to reverse engineer the Mi-24 main transmission which includes; 
dismantling, assessment and evaluation of the components, is also discussed while the 
conclusion seals this section. 
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3 METHODOLOGY  
3.1 Introduction 
The previous chapter, Research Issues; outlined the researches that have been done on 
helicopter accidents, as a result of defects that had developed, the lubrication types and 
methods, the bearing types, tolerances, materials and damages experienced and the gear 
types, applications, materials and damage mechanisms. The lubrication systems, purpose 
and effect of loss; including on-board failure detection systems were also explained, in the 
previous chapter.  
 
This chapter; Methodology describes the process or approach that has been utilised in this 
dissertation (to help in obtaining an answer to the research problem) including; the reverse 
engineering (RE) model, Stapler case study on reverse engineering, product tear-down 
process, methodologies of assessing the VR-24 gearbox; including the observations noted 
during the assessment of components.  
 
3.2 Model for De-compilation and Reverse Engineering 
Figure 3.1 is a model that shows the Forward Engineering (FE) process and its counterpart, 
Reverse Engineering (RE), which is literally just a reverse of the normal process. The 
following is a diagram of the most traditional form of Reverse Engineering, architecture 
abstraction, according to Byrne (1992). The illustration is a combination of both FE and 
RE in one, indicating how the process goes forward and (if there is lack or no evidence of 
how the arte-fact is constructed) how it is reversed, to obtain the original concept.  
 
 
Figure 3.1: Reverse Engineering; Architecture Abstraction (Byrne, 1992). 
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From figure 3.1; the following processes of Forward Engineering (FE) are evident; 
a) Conceptual – this is when a thought is perceived to solve a particular problem or 
satisfy a particular need or situation. 
b) Requirements – these are the specifications that are necessary and are generated in 
order for the artefact to meet the required need.  
c) Design – this is the form that is taken by the artefact, in order for it to meet the 
functional requirements. 
d) Implementation – this covers the use or the demonstration of the performance of the 
activity that will result in the fulfilment of the need to be satisfied. 
e) Target System – this is reached after testing of the design and refining it until it 
produces the desired functions and quality of the product. 
 
The reverse of this process is referred to as RE and basically follows the process from 
bottom to top as detailed below; 
f) Existing System – this is the product which is already in the market and is being used 
to satisfy a certain need. 
g) Implementation – this is when the product is tested to see how it functions as an 
assembly and also to check its sub-systems functions. 
h) Design – this is where the product is analysed (probably by dismantling) to see how 
each component is shaped and linked to each other  and also why it is made as it is. 
i) Requirements – the components are then assessed for; materials of manufacture, 
treatments and coatings, sizes and tolerances (by means of measurements and use of 
limits and fits and other tests, to come out with specifications used on the product’s 
components). 
j) Conceptual – this is when the original idea is arrived at in the form of a description to 
satisfy a certain need or market 
k) Alteration – after arriving at the original thought, an improvement can then be re-
conceived and a change to the original thought can be established and a slight or great 
change of idea can occur.  
 
At the end of the RE process the same original product, its variation or an improvement of 
the former product can be conceived and be made to satisfy the same original need or a 
superior one. This is the concept of RE which was explored in this research, regarding the 
RE of the Mi-24 helicopter main gearbox. 
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3.3 Generic Methodology 
Normal Product Development, which is also referred to as Forward Engineering (FE), 
involves the design of new products or processes by following a unique process starting 
from; the identification of a need, concept generation, requirements specification, design 
and implementation. This formal process was much more common during the ancient days 
of engineering and for new products, whereas these days the reverse of this process is 
gaining momentum as engineers move from the known concepts to the refined and better 
ones. This is the form that is taken by Reverse Engineering (RE) as it is better known. The 
same concept as applied in RE will be implemented on the Mi-24 Helicopter Main 
Gearbox research, except that the use of Digital Proto-typing will be replaced by physically 
measuring the concerned components and presenting them using the appropriate 
conventional drafting soft-ware (Auto-desk Student 2014 and 2016). This will follow the 
RE model as shown on Figure 3.1 (on the leg labelled; Reverse Engineering (Abstraction)) 
and as described on section 3.2 (f) to (k). It should also be noted that while performing RE 
(Abstraction), the iterations will also involve FE (Refinement) and this shows the strong 
bond between the two and that RE is simply the reverse of FE. Lin, Haas and Winnaar 
(2014), in their separate fourth year reports; have studied the Mi-24 main gearbox and 
analysed allocated sub-assemblies or components by visualising, measuring, calculating 
and applying engineering soft wares; in a bid to search for opportunities to improve the 
performance of the gearbox. 
3.4 Methodology for Assessment of the Mi-24 Helicopter Main Gearbox 
3.4.1 Mi-24 Helicopter Main Gearbox Reverse Engineering Process 
The first stage will be to review literature and to study the mechanism by observation and 
motion imitation, in order to have a clear understanding of the concept of the Mi-24 
gearbox, including the probable damage patterns envisaged. This will include the 
identification of the appropriate tools, accessories and a procedure to disassemble the 
gearbox. The disassembly process will be recorded, evaluated and modified to form the 
basis of the disassembly, inspection and refurbishment process. Appropriate dismantling 
methods will be applied in order to preserve the geometry of the gearbox’s components as 
far as is practical, given the scenario that there are no special tools available and also the 
fact that it is the first time this gearbox is being disassembled in South Africa. The whole 
process will involve the systematic stripping of the gearbox, recording the stripping 
procedure, taking pictures of the components and sub-assemblies in relation to the main 
assembly and making engineering drawings. The following terms implied in the discussion 
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refer; 1) Main assemblies include: - horizontal drives assembly (helical pinion, bull and 
horizontal bevel gears), vertical drives assembly (vertical bevel, sun, planetary and ring 
gears and bottom planetary gear holders), main rotor shaft assembly (main rotor shaft, 
bottom ring gear, top planetary gears and planetary holders), 2) Sub-assemblies include: - 
tail rotor hub, sprag clutch assembly, brake mechanism, right and left hand accessory 
drives, planetary gears and gear holders assembly, oil sump and accessories.    
3.4.2 Mi-24 Gearbox Inspections, Measurements and Other Considerations 
Inspection of components for wear, cracks and deformations (including sub-surface 
defects) will be both visual and by Non-Destructive Testing (NDT) such as; X-ray, Particle 
Magnetic Inspection (PMI), Penetrant Testing (PT) and Ultrasonic Testing (UT). Cracks in 
magnesium housings can be detected by X-rays, PT and UT, while deformation can be 
detected by measurements (circular profiles) or visually (where practical), while the same 
tests; including MPI can be used on alloy steel components (gears, shafts and plates) to 
detect surface cracks. Normal wear will be detected by measurements of both mating 
components and then establishing the clearances, which would give an indication of 
compliance to the tolerances specified. If NDT and oil analysis cannot be performed due to 
logistical issues, past defects history from literature review will be used for analysis. 
 
Measurements of critical components, including; main casing, top cover, gears, main rotor 
shaft, other stub shafts and planetary gear holders. This would be in the form of complete 
component dimensions to obtain the form and engineering drawings of the components. 
Bores and shafts would have critical dimensional checks to ensure correct limits and fits 
are established for mating parts, while the ‘feel’ of the tightness of each sub-assembly 
dismantled, will also give an indication of the type of fit, and hence the tolerances required.  
3.4.3 Safety Precautions and Risk Analysis 
During the dismantling of the gearbox the following precautions should be observed; 
• Safety clothing (suits, boots, goggles and gloves) should be worn to prevent 
injuries. 
• Hands or fingers should never be placed between objects to avoid being pinched or 
crushed. 
• Never stand or go under suspended (supported by jacks or cranes) loads, rather 
support by special designed rigid stands. 
• Use a shield and a chip screen to protect yourself and others, while using punches, 
chisels and hammers. 
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• Do not use defective or cracked tools. 
• Use proper tools for the intended job. 
The following risks and mitigations were identified and implemented; 
• Always have a pre-job brief and emphasise safety, as the first priority. 
• Falling objects – All objects should be handled properly to avoid falling onto 
people, especially when rigging (use qualified rigger). 
• Pinching – Avoid putting hands and fingers between objects, especially meshing 
gears. 
• Being struck by hammer or other objects – Ensure that work is secure and that 
hammer blows are directed to required object. 
• Use of improper tools – Ensure a proper risk assessment before application. 
• Oil spillage – Ensure all oil is drained before disassembling of the gearbox and also 
use saw-dust to prevent environmental contamination in case of minor spillages. 
3.4.4 Mi-24 Main Gear Box Dismantling Procedure  
The Mi-24 main gearbox was dismantled systematically and the process was carefully 
noted and relevant pictures were also taken to capture the various stages and scenarios. 
These pictures, sketches and the physical measurements which were taken were later used 
to make CAD drawings of the gearbox, which were also put together in an assembly as 
perceived from the whole exercise. The disassembling of the gearbox required the use of 
the following tools and equipment; screw drivers, combination spanners, socket spanners, 
Allen keys, specially made spanner for slotted locknuts, punches, hammers, hi-torque 
machine (with special tooling) and gas heating equipment.  
The gear box’s components (Figure 3.2) were removed in the following order or perceived 
logical order, for those parts not completely dismantled;  
1. Remove right hand accessory cover, gears and stub shafts 
2. Remove left hand accessory cover, gears and stub shafts 
3. Remove tail rotor drive assembly 
4. Remove gear box main housing top cover; together with main rotor shaft, bottom 
ring gear, top planetary gear holder and planetary gears 
5. Remove top planetary gear holder and planetary gears 
6. Remove main rotor shaft / bottom ring gear assembly 
7. Remove bottom ring gear  
8. Remove top sun gear, top half 
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9. Remove top ring gear 
10. Remove top ring gear hub (integral with bottom sun gear) 
11. Remove top sun gear, bottom stub 
12. Remove top half of bottom planetary gear holder 
13. Remove the seven planetary gears together with their support bearings 
14. Remove the bottom half of the bottom planetary gear holder 
15. Remove all the accessories gear drives at the bottom of the vertical bevel stub 
assembly 
16. Remove the accessories main drive gear (at bottom of vertical bevel stub) 
17. Remove all vertical accessory stub shafts 
18. Remove the main drive vertical bevel stub 
19. Remove the helical gear ‘fly wheel’ 
20. Remove the front bearing hub (fly wheel stub shaft main bearing) 
21. Remove the rear fly wheel stub shaft bearing 
22. Remove the   fly wheel stub shaft and the bevel pinion gear 
 
 
 
                      
 
 
Figure 3.2: Main gearbox (VR-24) views 
A – Fan drive accessory gearbox   G – Top Casing/cover 
B – Bull (combining) gear cover   H – Engine input housings 
C – Main rotor shaft     I – Gearbox mounting struts 
D – Right hand accessories gearbox   J – Oil sump 
E – Tail rotor take-off & clutch assembly  K – Left hand accessories gearbox 
F – Main casing/housing 
Front 
Rear Left 
Right Rear 
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Front 
A B D E F G 
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C 
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3.4.5 Evaluation of the Mi-24 Helicopter Main Gearbox 
Evaluation will be done on the basis of any signs of wear, distortions or cracking on the 
components and sub-assemblies, to determine the causes. Similar methodology and 
information from authorities will also be used to quantify the durability of the Mi-24 
gearbox and also form the basis for recommending extended usage.  Compliance in terms 
of tolerances will be determined through measurements (if feasible) of the mating 
components and comparisons with the general aircraft industry tolerances, as established 
during literature review. The purpose of this stage is to assess the durability of the Mi-24 
gearbox, the establishment of the relevant specifications and the creation of CAD 
drawings. The benchmark which will be used for suggesting what should be recommended 
for refurbishment will include the assumption that; due to the lack of precision measuring 
instruments and specialist NDT services at the university, standard aero-industry tolerances 
and common helicopter main gear box defects (from literature review) are going to be used 
as basis for decision making. 
3.5 Conclusions 
The concepts of RE and RE architecture have been explained, including a model; which 
illustrates the application of the concept. A comparison was also made to illustrate the 
concept of how FE and RE are the opposite of each other, starting either at the concept 
stage and ending at the product and vice versa, depending on the need and hence the 
required starting point. The methodology used in this dissertation was also detailed. 
 
 The following chapter, Analysis of the Mi-24 Main Transmission, will describe the whole 
process from; the description of the features and functions of the individual parts or the 
sub-assemblies and the damages observed or envisaged on similar or other gearboxes. The 
following will also be discussed; details of how the gear box mechanism operates, the 
observations made after dismantling, the evaluation of the integrity of the gear box, the 
probable improvements and the presentation of the CAD drawings. 
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4 ANALYSIS OF THE MI-24 HELICOPTER GEARBOX 
4.1 Introduction 
This chapter describes the analysis of the Mi-24 helicopter gearbox, after dismantling of 
the components and sub-assemblies, which include; physical (though no NDTs were done 
due to logistical limits within the project) examination of the conditions of the parts, the 
determination of the function of each part or sub-assembly and the complete functionality 
of the whole gear box. The analysis also includes the observation of the condition of 
parts, the evaluation of the integrity of the gear box and the probable improvements on 
the gear box. The physical measuring of the components (where possible), re-designing 
(shape and features only) the unrevealed or un-dismantled parts, was then followed by 
sketching and the drafting of the components using the CAD system.  
4.2 Design Features of Mi-24 Gearbox 
This section describes the structure and function of the gearbox in greater detail, as 
observed, researched and conceptualised. The analysis of the conditions of these parts, 
including the probable conditions envisaged on similar parts, form the basis of the 
findings section of this dissertation.  
 
According to Chaiko (1990), The gears and shafts of the Mi-24 gear box are made from 
chromium-nickel alloy steel of the following American steel equivalence; 3310, E9310, 
4317H, M315 (gears), 3310H, 3310, 4317M (shafts); while the main housing, top cover 
and all accessory covers are made from magnesium alloy ML-5 (SAE N500). The alloy 
steels for gears are subjected to heat treatment, carburising, nitrating or cyaniding in order 
to produce a hard and wear resistant skin casing and a tough core to withstand high loads. 
These alloy steels’ chemical compositions, mechanical properties, including their 
machinability (which is generally good (medium) especially when annealed i.e. 40 – 
70%) are shown on Appendices R, T, U and V. NADCA (2009) states the following 
about magnesium ML-5; excellent corrosion resistance, castability and strength; a 
specific gravity of 1.74 g/cc (making it the lightest commonly used structural metal) and 
also that magnesium alloys exhibit the best machinability of 100% (Appendix V) among 
metallic alloys in commercial use. The American standards equivalence of magnesium 
ML-5 are; AZ81A and AZ91C alloys, whose composition is shown on Appendix T and 
its Brinnel Hardness is 55 (Appendix U). 
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According to Winnaar (2014), general tolerances for the main housing and accessory 
covers’ large diameters, heights, lengths and distances between centres are + 0.10mm, 
while limits and fits class H7 (Appendices X and Y) is for bearing seats and limits, while  
+0.25mm are general tolerances. All the gears, their stub shafts and the planetary gear 
holders, in the assembly are made from chromium-nickel alloy steels and though some of 
their hubs were not completely stripped; they would fall in the same limits and fits class 
of H7/n6 for bearing seats, +0.05mm for gear teeth and spline sizes and +0.25mm for 
general tolerances. Gear, shaft and bearing bore (including splined coupling) tolerances 
on the Mi-24 gear box generally exhibited transition fits of the grades H7/n6 and H7/p6, 
as indicated on Appendices X, Y, Z and AA. This arrangement enables most of the 
components to be removed or assembled by hand or by use of minimum tapping force.  
4.2.1 Fan Drive and Cover 
The function of the fan drive (Figure 4.1) is to drive the cooling fan whose function is to 
cool down the hot oil from the hot well of the gear box sump so that it further cools the 
running components of the gear box, when recycled. The gears and their stub shafts are 
made from chromium-nickel alloy steels while the cover is made from magnesium alloy 
as indicated on section 4.2. The gears and their stub shafts in the assembly were not 
completely stripped and analysed but would fall in the same limits and fits class of H7/n6 
for bearing seats, gear and splined coupling bore and blank diameters; +0.05mm for gear 
teeth and splines sizes and +0.25mm for general tolerances. The fan drive cover (D) is 
directly mounted on the front side of the flywheel cover. This compartment houses four 
gears; the driver (G), two idlers (F) and the driven gear (E). The driver takes its motion 
from the front side of the horizontal flywheel/bull gear stub shaft, through a small stub 
shaft, with matching splines on either side (fit onto the bull gear and spur gear) and 
supported with two small bearings located in both covers’ bores. All the stub shaft and 
spur gear assemblies are supported by bearings which are located on either side of the 
shaft and in the opposite hubs of the two bodies (cover to cover or main body to cover). 
The final driven gear’s stub shaft has external splines on the outer side to locate into the 
female splines of the universal joint flange (at the rear of gear E) which transmits the 
drive to the driven accessory outside the main gear box. The gears, bearings and stub-
shafts were inspected for wear, cracks and any form of damage and were found to be in 
good condition.  
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Figure 4.1: Fan drive and cover 
A – Bull gear cover     E – Fan gearbox final gear  
B – Fan drive gearbox     F – Fan gearbox idlers 
C – Opening for fan drive spigot   G – Fan gearbox drive gear 
D – Fan drive gearbox cover 
4.2.2 Helical drive pinions and stub shaft assembly 
The purpose of the stub shafts (Figure 4.2) is to transmit the motion from the engine input 
shafts to the helical bull ‘flywheel’ gear, through the two helical drive pinions. Materials 
of manufacture are; chromium-nickel alloy steels for gears and stub shafts and cast 
magnesium alloy (ML-5) for the covers, as indicated on section 4.2 and though this 
assembly was not completely stripped; its tolerances are in the same category as those in 
section 4.2.1. The two stub shafts (4.2-A) and the two gears (4.2-C) are each located at 20 
degrees below the horizontal line that runs through the centre of the bull gear, to 
distribute the forces from the two engines and also balance the drive approximately from 
each side of the flywheel gear. The two stub shafts have their rear ends hollowed (bell-
shaped) to take up the initial drive from the slipping roller clutch (sprag) assembly. The 
stub shafts (A) are each supported with two bearings located and locked into the hubs of 
the helical bull gear cover’s cylindrical horizontal protrusions. The cover (4.2-B) was 
inspected for cracks and excessive clearances in the bores (by shaking the stub shaft 
hubs, after removing the nuts) and all were found to be sound. 
 
 
 
B C A E D F G 
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Figure 4.2: Helical pinion gears  
 
A – Helical pinion stub shaft    E – Fan drive gearbox 
B – Bull gear cover    F – Opening for fan gearbox drive spigot 
C – Helical pinion gears   G – Sprag clutch spigot support bearing 
D – Sprag clutch cone or ‘bell’ (at rear of A and on same stub shaft)  
  
4.2.3 Right Hand Accessory Drives 
The function of the right hand accessory drive (Figure 4.3) is to drive the hydraulic main 
pump and the two tach-generators. The gears and the stub shafts are made from 
chromium-nickel steel, while the cover is made from magnesium alloy as indicated on 
section 4.2 and though this assembly was not completely stripped; its tolerances are in the 
same category as those in section 4.2.1.  The driven gears and the driver gear (integral 
with its stub shaft) were removed by pulling them out from their bearing housings, 
following the removal of the cover. The right hand accessory drives get their initial drive 
from a spur gear (Figure 4.21-E) mounted at the bottom end of the vertical bevel 
assembly (situated in the main housing bottom compartment) which drives a spur gear, 
mounted on the same stub shaft as a bevel gear in the main housing (back drive into the 
main housing). This bevel gear drives a horizontal bevel gear, whose stub shaft extends 
outwards on the right hand side of the main housing (into the accessory gearbox 
compartment) and has a spur gear (Figure 4.3-D) mounted on this end. This spur gear 
drives the first accessory through a spur gear (4.3-B), which also acts as an idler for idler 
(4.3-C) which drives two accessories (4.3-E) on either side of it. All the stub shaft 
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assemblies are supported between two ball bearings each, one mounted on the outer side 
of the main housing and the other on the internal side of the right hand accessory drive 
cover. The gears and cover were inspected for damages and were found to be sound. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               
 
 
Figure 4.3: Right hand accessories gearbox 
   
A – Tach-Generator Intermediate Drive Gear D – Right Hand Accessory G/box Drive 
B – Hydraulic Main Drive Gear E – Tach-Generator Final Drive Gears 
C – Tach-Generator Main Drive Gear  
4.2.4 Left Hand Accessory Drives 
The function of the left hand accessory drive (Figure 4.4) is to drive the hydraulic utility 
pump, the compressor and the hydraulic pump. The gears and the stub shafts are made 
from chromium-nickel steel, while the cover is made from magnesium alloy as indicated 
on section 4.2 and though this assembly was not completely stripped; its tolerances are in 
the same category as those in section 4.2.1. The three driven gears integral with their 
respective stub-shafts, were removed by pulling them out of the small roller bearings, 
after removing the cover. The drive gear (4.4-C), also integral with its stub-shaft was 
removed later after removing the lock washers and nuts securing its bearing housing hub 
to the main housing. The left hand accessory gearbox also gets its initial drive from the 
main housing bottom compartment drive gear (Figure 4.21-E), through a spur gear, a 
vertical stub shaft and bevel gear, through to a horizontal bevel gear, stub shaft and the 
right hand accessory gearbox drive (4.4-C), to the right of the main gearbox housing. The 
right hand accessory gearbox drive (4.4-C) in turn drives the Hydraulic Utility Drive 
C D 
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Gear (4.4-A), the Compressor Drive Gear (4.4-B) and the Hydraulic Drive Gear (4.4-D). 
All these three drives’ stub shafts have splined holes on the outer side of the left hand 
accessory drive cover, to take up the splined drive shafts of each accessory. These 
accessory stub drive shafts are also each supported between two small ball bearings 
(which are press fits onto their stub shafts and snug fits onto the main housing and cover 
‘bearing housings’.  
 
 
   
           
 
Figure 4.4: Left hand accessory gearbox 
 
4.2.5 Tail Rotor Drive Assembly and Brake Mechanism 
The function of the tail rotor drive (Figure 4.5) is to drive the tail rotor, which in turn 
gives balance to the helicopter which tends to spin due to the rotation of the main rotor. 
The gears and the stub shafts are made from chromium-nickel steel, while the tail rotor 
hub is made from magnesium alloy as indicated on section 4.2 and though this assembly 
was not completely stripped; its tolerances are in the same category as those in section 
4.2.1.  The rear drive assembly (tail rotor drive, Figure 4.5B) was removed after 
removing the lock washers and nuts, followed by pulling the hub out of the main housing 
rear bore. This rear drive was also not further disassembled for lack of time and special 
tooling, though its bearings sounded well, after being rotated by hand. This drive is 
situated directly at the rear (from direction of flight) of the helicopter main gear box. It 
consists of a bevel gear which is driven by the smaller (and lower) bevel gear (Figure 
4.21-C) on the vertical bevel stub assembly. Mounted on the same horizontal stub shaft is 
a break assembly (Figure 4.5-A); whose function is to extend the drive to the tail rotor 
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A – Hydraulic Utility Drive Gear 
 
B – Compressor Drive Gear 
 
C – Right Hand Accessory G/box Drive 
 
D – Hydraulic Drive Gear 
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gear box and to control the tail rotor speed for manoeuvring the rotor-craft. The break 
assembly consists of the traditional drum (4.5-C), shoes (4.5-G), cables (4.5-F) and 
linkages (4.5-H) arrangement, to enable the breaking function.  The horizontal hub 
(which is considerably the biggest amongst the rest of the bearings-stub-shaft 
combinations on the gearbox) consists of two bearings (located internally in the hub) and 
two oil rings around the hub (encompassing the oil feed in between) to enable oil to go 
into the bearings with pressure, and then drain out to the main housing and sump below. 
When dismantling the assembly, take off the lock nut and bolt first, followed by the 
breaks housing whose mounting bolts are at the same Pitch Circle Diameter (PCD) with 
the bearing housing cover, but share the mounting bolts alternately with the cover, six 
each. 
 
 
  
         
(a) Clutch         (b) Hub & drum          (c) Brake shoes & linkages 
Figure 4.5 Main Rotor Brake 
A – Brake assembly    F – Braking cable  
B – Tail rotor take-off flange   G – Brake shoe 
C – Brake drum     H – Linkages  
D – Hub / Quill     I – Retaining springs  
E – Drum mounting spigot   J – Brake adjustment   
4.2.6 Gear Box Main Housing 
The main housing (Figure 4.6) provides mounting for all the components as follows; 
from the  bottom, the accessory drive gears and stub shaft assemblies,  the tail rotor drive, 
the vertical stub shaft assembly, the bottom sun, the top sun gear, the bottom planetary 
gears, the bottom planetary gear support plates and the top ring gear. The critical sizes 
are; the joint between main housing and top cover ‘bore diameter’ 756.00 (H7) +0.000 to 
+0.070mm, the joint between the main housing and oil sump ‘bore diameter’ 460.00 (H7) 
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+0.000 to +0.053mm; the height of the main housing 590 +0.10mm and the following 
bore centre positions from top of housing; bull gear and horizontal bevel gear stub shaft 
is 310 +0.10mm, tail rotor drive is 334 +0.10mm, while the left and right hand accessory 
drives are 390 +0.10mm and the general dimensions tolerance is  +0.25mm. The 
accessory drives (located on both outer sides of the main gear box); consist of the right 
hand drive (Figure 4.6a) and the left hand drive (opposite of figure 4.6a). The main 
housing consists of provisions to mount the main housing top cover at the top (4.6d), the 
oil sump at the bottom (4.6c), the accessory covers on the sides and the mounting bores 
for the tail rotor shaft, the rear/right pressure relieve pipe and the bottom planetary gear 
holder assembly. Several bores, holes and channels are located internally also to provide 
pressurised oil to the various rotating parts and drainage back to the sump. The main 
housing is an intricate cast magnesium ML-5 (see section 4.2) casing which was 
accurately machined to take up components precisely to achieve smooth drive to various 
parts of the gearbox. The main housing also contains 32 studs of diameter 16mm by 
95mm long (which are screwed into the main housing flange and at the same time their 
unthreaded shanks allow a ‘dowel type’ sliding fit of the top cover flange holes) to allow 
accurate location of the top cover; including the main rotor shaft. According to Metric 
MMC (2015), the bolts are made from chromium-nickel steel and of class 12.9 and zinc 
plated to enable corrosion resistance and reduction in coefficient of friction, while they 
are torqued to 340NM (Appendix: CC) to keep the assembly together in the presence of 
huge and especially cyclic forces. The joint is sealed by a paper gasket whose actual 
specification could not be determined, though a cellulose fibre based material bound with 
glue glycerine (compliant to military specifications; MIL: G12803A-B), with high 
compressibility (25 – 40%), good oil and fuel resistance and sealability of 5.5Mpa; was 
selected as an equivalent gasket, since it can handle up to 120 degrees Celsius compared 
to the actual maximum temperature of 90 degrees, which is associated with the Mi-24 
gearbox oil (ACL, 2015). The main housing also has the provision of mounting the gear 
box mounting legs, strategically located just below and around the main housing to top 
cover joint.  
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(a) Right Hand (accessory gearbox)    (b) Front side (Bull gear side)  
 
     
         
(c ) Bottom side (accessory drives)        (d) Top side (where main drive is housed) 
Figure 4.6: Main housing  
4.2.7 Main Housing Top Cover 
The function of the main housing top cover (Figure 4.7) is to provide mounting for the 
main rotor assembly in the correct position with the meshing gears of the main rotor 
drive. The main housing top cover (Figure 4.7-B) is also made out of cast magnesium 
ML-5, as described on section 4.2; accurately machined to fit onto the main housing. The 
location is aided by an accurately locating ‘male’ rim (on inner side of top cover flange) 
of diameter 756 (n6) + 0.043 to +0.087mm and a series of studs with ‘dowel fit’ type of 
shanks of diameter 16 (n6) +0.012 to +0.023mm. The top cover also has a bore (diameter 
380.00 (H7) +0.000 to +0.057mm) on top to take up the large main rotor ball bearing 
(Figure 4.7-C and 4.8-F), hence allowing the rotor mounting. The top cover also contains 
the oil channel (which, at this point is approximately 10 +0.25mm in diameter) and which 
links to the main housing oil channel, whose oil is prevented from leaking at the casings 
joint by an oil ring) to take pressurised oil to the rotor shaft main bearing and the top 
planetary holders and eventually to the top planetary gears (Figure 4.20). On top of the 
main top cover is a provision for mounting a concave disc seal holder and a cup seal 
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(stuck on the inner side of the seal holder) to seal the top from dust ingress and also from 
avoiding oil loss from the top. The disc seal holder is kept in place (though it can swivel 
to permit any misalignment of the main rotor) by another small cover which was not 
supplied with the gear box. The cup seal is aided by a tension spring ring which is 
wrapped around the contour of the seal to keep the seal in constant contact with the rotor 
shaft. 
 
 
              
(a) Side view         (b) bottom view  
Figure 4.7: Main housing top cover 
A – Main rotor shaft (lower section)  F – Bottom ring gear   
 B – Main housing top cover   G – Top planetary gear holder 
 C – Main shaft bearing position  H – Main rotor shaft (lower section) 
 D – Main rotor shaft (upper section)  I – Planetary gear (x5) 
E – Main rotor head position     
4.2.8 Main Rotor Shaft 
The main rotor shaft (Figure 4.8) provides the drive to the main rotor blades which power 
the helicopter to fly. The main housing top cover and main rotor shaft assembly (Figure 
4.8) was removed (after removing a series of nuts from a series of studs around the joint) 
by hoisting the main top cover (4.8-I) using an overhead crane. This assembly could also 
not be further dismantled to free the rotor-shaft (4.8-C, H) and its main bearing (4.8-F), 
the top carrier plates (B), the bottom ‘bell’ ring gear (4.8-A) and the top five planetary 
gear-set (4.8-D). The components of this sub-assembly were inspected and analysed and 
found to be sound (the bearing was tested by turning the shaft by hand before dismantling 
the top cover from the main housing), serve for the shiny gear contact surfaces on both 
the bottom ‘bell’ ring gear (4.8-A) and the planetary gears (4.8-C). Most of the 
dimensions and profiles of the parts on this sub-assembly were estimated and deduced 
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(based on generally accepted engineering norms, including those exhibited elsewhere on 
this design), since the parts could not be dismantled for lack of time and special tooling. 
These include the top bearing (4.8-F), part of the rotor shaft from the bearing to the 
planetary gear mounting plates, the planetary gear mounting plates and the top cover 
(also around the same area as mentioned above). 
 
The main rotor shaft (4.8-C, H) is a special hollow chromium-nickel alloy steel tube (see 
materials description on section 4.2), which is accurately machined to fit onto both the 
main rotor bearing of diameter 196.00 (n6) +0.031 to +0.060mm and the bottom rotor 
shaft tip/spigot for support bearing, at shaft point C of diameter 96.00 (n6) +0.023 to 
+0.045 mm). It also has provision for mounting the top planetary gear holders (4.8-B) 
and the bottom ring gear (4.8-A) which are both integral with the main rotor shaft (4.8-C, 
H). The main shaft also provides mounting for the internal sleeves (4.8-C1) and seals 
arrangement for transmitting the pressurised oil from the sump (through the sump vertical 
pipe) to the main rotor shaft tip bearing and to the top planetary gear system. 
 
 
 
        
(a) Bottom section       (b) Upper section 
Figure 4.8: Main Rotor Shaft 
 
A – Bottom ring gear    E – Bearing upper support ring  
B – Top planetary gear holder  F – Main rotor main bearing  
C – Rotor shaft lower section   G – Main bearing lock nut 
C1 – Lubricating sleeve   H – Rotor shaft upper section 
D – Planetary gear (x5)   I – Top cover 
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4.2.9 Bottom Ring Gear 
The function of the bottom ring gear (Figure 4.9) is to give the rotor assembly a positive 
drive and this happens after it receives a drive from the seven bottom planetary gears. 
The bottom ring gear is made from chromium-nickel alloy steel as described on section 
4.2). The bottom ring gear (Figure 4.9-A) is mounted integral with the top planetary gear 
holders (4.9-B) and the main rotor shaft (4.9-C) has accurately machined splines (inner 
diameter 563.00 (H7) +0.000 to +0.063mm) to couple with the top planetary holders and 
a gear ‘bore’ of diameter 705.00 (H7) +0.000 to +0.070mm, to mesh with the bottom 
planetary gears. This is also a very big gear of robust construction, which should assist 
with maintenance of momentum, when the need arises. The motion from the top sun gear 
(Figure 4.10-D) through the top planetary gears does not turn the rotor shaft ‘positively’, 
as its effect is to turn the planetary gears (4.9-D) on their individual axes. The bottom 
ring gear (4.9-A), together with the main rotor shaft (4.9-C) only turns after the drive 
transmitted from the top planetary gears (4.9-D), goes to the top ring gear  (Figure 4.10-
G), which is coupled with the bottom sun gear (Figure 4.10-E), then to the bottom sun 
gear, then to the bottom planetary gears (Figure 4.10-C) and finally to the bottom ring 
gear (4.9-A), which is coupled to the top planetary gear system (4.9-B, D) and the rotor, 
which will then turn with the main rotor (4.9-C). 
 
 
 
   
Figure 4.9: Bottom ring gear 
 
4.2.10 Top Ring Gear  
The function of the top ring gear (Figure 4.10) is to receive the drive from the five top 
planetary gears and transmitting the drive to the bottom sun gear, through a splined 
coupling (Figure 4.10-G, F). The top ring gear is made from chromium-nickel alloy steel, 
A C D B 
A – Bottom ring gear   
  
B – Top planetary gear holder 
  
C – Main rotor shaft (lower section) 
  
D – Planetary gear (X5)  
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as indicated on section 4.2. The top ring gear (Figure 4.10-H) sits on the bottom sun gear 
stub splines (4.10-F) and is removed after firstly removing the bolts securing the three 
circular clips or keys (width 5.00 (n6) +0.008 to +0.016mm) which are bolted onto the 
top ring gear keys mounting holes – G1) and hold the top ring gear (4.10-H) to the 
bottom sun gear stub (4.10-E), through a slot (Figure 4.13-C) which is cut 5mm below 
the top part of the splines of the bottom sun gear stub.  The centre of the bottom part is 
hollow and has splines on a bore diameter of 260.00 (H7) +0.000 to 0.052mm, with 
which the gear is mounted onto the bottom sun gear splines. Therefore the top ring gear is 
actually mounted onto the splines of the bottom sun gear (and is locked in place by three 
split strips) and rotates with it. This gear is also of robust construction, accurately 
machined and ground (tolerance on gear teeth bore diameter of 532.00 (H7) +0.000 to 
0.070mm) to suit the meshing top planetary gears. Its movement is as described under the 
bottom ring gear (section 4.2.9), as there is a close functional relationship amongst the 
compound planetary gear system. This is the smaller ring gear that is mounted just above 
the bottom planetary gear holder assembly, and extends to the top to mesh with the top 
planetary gears, whose holders are mounted on the main rotor shaft flange.  This gear 
comprises of two parts; the top and bottom sections. The bottom section features a disc-
like shape, with a provision for mounting the top part on its top and outer periphery, 
through a series of holes, special studs and nuts, which are locked in place by deforming 
the end of the shaft threads. The top part of the top section is thicker (towards the centre 
line) at the top, to accommodate the gear teeth (bore diameter 532.00 (H7) +0.000 to 
+0.070mm), which mesh with the top planetary gears and has holes (diameter 8.00 (H7) 
+0.000 to +0.022mm) at PCD 590.00 (H7) +0.000 to +0.070mm to take up special studs 
(diameter 8.00 (n6) +0.010 to +0.019mm) for accurately mounting onto splined bottom 
plate, described above.   
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 (c) Bottom planetary assembly  (d) Top ring gear 
Figure 4.10: Bottom planetary assembly, adjacent components & Top ring gear 
 
A – Main housing    E – Bottom sun gear 
B – Bottom planetary gear plate holder F – Bottom sun gear stub splines  
C – Bottom planetary gear (X7)  G – Top ring gear splines 
D – Top sun gear    G1–Top ring gear keys mounting holes 
H – Top ring gear   
4.2.11 Top and Bottom Planetary Gears  
The top and bottom planetary gears (Figure 4.11) are made from chromium-nickel steel 
(as indicated on section 4.2) and their purpose is to transmit motion between the 
respective top and bottom sun and ring gears. The top and bottom planetary gears (Figure 
4.11-A and 4.10-C) are of the same size and configuration and are made of chromium-
nickel alloy steel, accurately machined and ground. The critical sizes are; gear diameter 
187.00 (n6) +0.000 to +0.031mm, stub shafts outside diameter 65 (n6) +0.020 to 
+0.039mm, while the teeth dimensions tolerance is +0.050mm and the general 
dimensions tolerance is  +0.25mm. The top planetary gears are five and form a smaller 
Pitch Circle Diameter (PCD) around the top sun gear, while the bottom ones are seven 
and hence make a bigger PCD around the bottom sun gear. The planetary gears are 
mounted on their small stub shafts (4.11-B) which are located in roller bearings, 
supported by the planetary gear holder halves and secured by internal circlips (Figure 
4.19-H) from the top; while the bottom of their bearings sit each on a small collar on the 
bottom side of each bearing bore. The gears themselves are held in place on the centre of 
the shaft by being press fitted and restricted from coming out by a lock washer (4.11-D) 
and nut (4.11-C) combination. 
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Figure 4.11: Planetary gear 
 
 A – Planetary gear    D – Lock washer 
 B – Stub Shaft     E – Spacer/sleeve 
 C – Lock nut     F – Bearing sleeve (inner race) 
     
4.2.12 Top Sun Gear Assembly 
The top sun gear assembly (Figure 4.12) is made from chromium-nickel steel (as 
indicated on section 4.2) and its function is to link the drive from the vertical bevel gear 
to the top planetary gears and the top ring gear. The critical sizes are; gear diameter 
268.00 (n6) +0.034 to +0.066mm, splined shaft outside diameter 174.00 (n6) +0.027 to 
+0.052mm, while the teeth and splines dimension tolerance is +0.050mm and the general 
dimensions tolerance is +0.25mm. The top sun gear (Figure 4.12-G) consists of the top 
and bottom parts; where the top part is the sun gear (4.12-G) integral with a hollow stub 
shaft with splines at the bottom end, while the bottom (4.12-A) consists of a hollow stub 
with a thread at the top, a collar at the bottom and an internally splined bottom section. 
The assembly also in-cooperates a lock nut (4.12-F), lock washer (4.12-H) and two split 
collars (4.12-I). The nut (facing downwards) and washer are fitted to the bottom of the 
top stub and then the sub assembly’s external splines are mated to the bottom part’s 
internal splines, with the lock washer’s (4.12-H) three internal tabs fitting into the bottom 
stub external slots (4.12-D). The split collars are then fitted between the mating stubs, but 
under the lock washer (4.12-H) and nut (4.12-F) respectively. The nut thread is then 
aligned to the bottom stub male thread (while keeping the split collars (4.12-I) in place) 
and screwed in until it is tight, after which the lock washer is locked against the lock nut 
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slots by deforming the washer on several points corresponding to the lock nut slots. 
Following the removal of the main top cover; the lock-nut and washer assembly on the 
top sun gear was removed and thereafter the first stage sun gear (4.12-G) was also 
removed. The lock washer (4.12-H) referred to above, has three inner tabs which locate 
on the top sun gear bottom stub’s (4.12-A) three slots (4.12-D) for location and to prevent 
its and the nut’s (4.12-F) independent rotation. The outer part of the lock washer is cup-
shaped to march the outer diameter of the lock-nut (4.12-F) and is deformed against the 
slots of the lock-nut to prevent the lock nut from turning independently, during operation 
or as a result of vibration. After that the bottom stub (segment) of the first stage sun gear 
(top sun gear) assembly was dismantled by sliding it downwards out of the bottom sun 
gear bearing. 
 
 
 
           
(a) Top sun gear ‘bottom stub’   (b) Top sun gear ‘top stub’ 
“On top of vertical bevel assembly” 
Figure 4.12: Top sun gear assembly 
  
A – Top sun gear ‘bottom’ stub (adapter)  F – Top sun gear lock nut 
 B – Bottom stub internal splines     G – Top sun gear (top stub) 
 C – Vertical bevel stub assembly splines      H – lock washer 
 D – Slots (washer restraining slots) (x3)  I – Lock sleeve 
 E – Bottom stub external splines     J – Top sun gear splines 
            
4.2.13 Bottom Sun Gear 
The purpose of the bottom sun gear (Figure 4.13) (which is made from chromium-nickel 
steel, as indicated on section 4.2) is to link the drive from the top ring gear to the bottom 
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planetary gears and ultimately to the bottom ring gear, which is both bolted and spline-
coupled to the main rotor flange. The critical sizes are; gear outside diameter 336.00 (n6) 
+0.037 to +0.073mm, splined inside diameter 268.00 (H7) +0.000 to +0.052mm, while 
the teeth and splines dimension tolerance is +0.050mm and the general dimensions 
tolerance is +0.25mm. The bottom sun gear (Figure 4.13-A) is located just at the centre 
of the bottom planetary gear holder/plate (Figure 4.18) and is mounted onto the same 
bearing (on the outer race) as the bottom stub of the top sun gear (Figure 4.12-A) support 
bearing (which supports it from the inner race). The arrangement is such that the top sun 
gear ‘bottom’ stub fits into the splines of the vertical bevel gear assembly (Figure 
4.12(a)), while the ‘hollow’ bottom sun gear (Figure 4.13-A) fits over the top sun gear 
‘bottom’ stub (onto the outer diameter of the bearing) and the top sun gear (Figure 4.12-
A) is secured by a lock nut and washer onto this stub (also refer to Figure 4.12(a)). The 
bottom sun gear rotates the seven bottom planetary gears (Figure 4.10-C), which in turn 
drive the bottom ring gear and yet it rotates independently of the top sun gear. The 
bottom sun gear freely wheels (together with the top ring gear) on its bearing and is a 
back drive of the top part of the compound gear train, and additionally assists to give 
stability to the main rotor assembly.  
 
 
 
Figure 4.13: Bottom sun gear 
 
 A – Bottom sun gear 
 B – Bottom sun gear splines (where the top ring gear fits and is locked in place) 
 C – Bottom sun gear key slot (where the 3 arc strips fit to lock the top ring gear) 
 D – Vertical bevel gear assembly support bearing 
 E – Bottom planetary carrier (bottom half) 
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4.2.14 Sprag Clutch Assembly 
The purpose of the sprag clutch (Figure 4.14) is to engage and dis-engage the drive from 
the engines to the main gearbox. The stub shafts, the contact bell, the rollers and cages 
are made from chromium-nickel alloy steel, while the hubs are made from magnesium 
alloy (Appendices R and S). This assembly was not completely striped (hence no 
particular dimensions) but the general fits would be in the H7/n6 class of limits and fits. 
The sprag clutch assembly (Figure 4.14) consists of two sprag shafts (4.14-B) which are 
mounted in their special cylindrical hubs (4.14-D), integral with two bearings each, and 
the assemblies are themselves bolted to the bull wheel cover cylindrical protrusions 
(4.14-A) by use of small cover flanges, studs and nuts. The front of each of these two 
shafts has a small spigot (4.14-B) which fits into a very small bearing (4.14-F), which is a 
sliding fit into the back of the helical drive pinion stub shaft cylindrical bore, for support. 
Just at the rear of this spigot is mounted a spring loaded clutch mechanism (4.14-C) 
consisting of a roller bearing-like-cage, a series of cylindrical rollers, which sit in the 
concave grooves of a spline-like portion of the stub shaft. The effect of this mechanism is 
such that when the stub shaft turns and picks momentum, the cage together with the 
rollers turns slightly against a light spring force, causing the rollers to ride over the crests 
of the ‘splines’ thereby causing them to protrude/extend and touching the sprag clutch 
contact bell (4.14-E), which is at the back of the helical drive pinion stub shaft, causing 
the clutch mechanism to engage and drive the stub shafts and hence the whole gear box 
through the gear train. The rear of these engine input shafts have female splines to take 
up the drive directly from the twin turbo engines. The two input sprag shafts and covers 
were opened after removing the securing nuts and then the input sprag stub-shaft 
assemblies were pulled out. These were not further dismantled because of lack of time 
and special tools, and the bearings seamed sound and intact, after inspection by manually 
rotating the stub shafts. 
  
 
 
                  
Figure 4.14: Sprag clutch and cover 
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A – Bull wheel cover 
B – Sprag clutch shaft (support bearing position) 
C – Sprag clutch mechanism (rollers and cage) assembly 
D – Sprag clutch hub  
E – Sprag clutch contact ‘bell’ 
F – Sprag clutch spigot (support bearing) 
4.2.15 Flywheel ‘Bull gear’ Cover 
The function of the flywheel cover (Figure 4.15) is to cover the flywheel and also provide 
mounting for both the sprag clutch assembly and the rear of the helical drive gears stub 
shafts (which are integral with the helical pinion bell/cone, which engages with the 
rollers of the sprag clutch. The flywheel cover (4.15-B) is made out of cast magnesium, 
as described on section 4.2. The critical size tolerances are as indicated for the main 
housing’s large diameters, heights, lengths and distances between centres are + 0.10mm, 
while bores to take up outer races of bearings and complete drive hubs are machined to 
limits and fits of class H7/n6 (appendices X, Y, Z and AA). The flywheel cover (4.15-B) 
is specially shaped to take up the flywheel (Figure 4.16-A) on the central part and has 
two circular and bored ‘extensions’ on either side, to accommodate the helical bevel 
pinion stub shaft assemblies (4.15-A, C). On the outer edges of this cover is a thin flange 
(lining the whole edge) which has numerous holes drilled to accommodate the mounting 
studs (screwed onto the matching holes on the main housing front opening) and nuts. 
There are two holes and channels that are drilled onto the flanges of the flywheel cover, 
to transmit oil from the main housing channels to the cover, for the lubrication of the 
bearings and gears in this compartment. 
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Figure 4.15: Fly Wheel ‘Bull gear’ Cover 
 
A – Helical pinion bearing surface  E – Fan drive gearbox 
B – Bull gear ‘flywheel’ cover  F – Opening for fan gearbox drive spigot 
C – Helical pinion gears   G – Sprag clutch spigot support bearing 
  D – Helical pinion ‘bell’  
 
4.2.16 Helical ‘Bull’ Gear and Horizontal Bevel Gear Assembly 
The function of the bull gear (Figure 4.16) is to combine the drives from both engines, 
while the horizontal bevel gear transmits the motion to the vertical bevel gear. Both gears 
and their stub shafts are made from chromium-nickel steel as described on section 4.2. 
The critical sizes are; gear outside diameter 464.00 (n6) +0.040 to +0.080mm, clamping 
holes PCD 394.00 (H7) +0.000 to +0.057mm and gear holder discs splined diameter 
90.00 (H7) +0.000 to 0.035mm, while the teeth and splines dimension tolerance is 
+0.050mm and the general dimensions tolerance is +0.25mm.This assembly consists of 
the helical bull gear (Figure 4.16-A), the horizontal bevel gear (4.16-E) and their stub 
shaft (4.16-C). The helical gear (4.16-A) consists of a large diameter outer rim which 
contains the gear teeth and is accurately machined and bolted between the tips of two thin 
conical circular discs. This rim is wider on the outside to accommodate the gear teeth, 
while it has a thinner flange-like shape towards the centre, with accurately drilled holes 
around a pitch circle diameter to match the holes on the thin circular discs (for joining by 
use of special ‘dowel’ studs and nuts). The mentioned discs are having a hub on their 
centre, whose bore forms a transition fit onto the splines of the horizontal stub shaft 
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(4.16-C). The front disc exhibit three holes drilled equidistant to each other and around 
the central hub bore, which are required to pull out the gear during disassembly. The 
horizontal helical bevel gear (4.16-E) is mounted at the innermost end of the stub shaft 
between the end support bearing and the outer bearing support and is locked in place with 
a lock nut. There are three bearings; one outer bearing which is a roller bearing to take up 
the radial forces, while the second and middle bearing is a ball bearing to take up the 
axial forces exerted due to the thrust from the helical gear drives and the third one is a 
roller bearing to support the radial force exerted on the end of the shaft. The stub shaft 
provides mounting for the gears (4.16-A, E) and is itself supported by the bearings, 
whose outer races also make a sliding fit onto the main housing horizontal bores and are 
locked in place with the lock nuts (4.16-A1, E1) and locking washers. The inner races are 
lightly pressed onto the stub shaft to avoid the shaft from turning in the races rather than 
with the inner races. The stub shaft is also hollowed to reduce the weight, as is common 
with most aero-craft parts and has threads on either ends to accommodate the lock nuts. 
The main gearbox front cover (Figure 4.16-B), housing the helical bull gear (4.16-A), 
was opened, after removing the numerous securing nuts. The lock-nut and washer 
combination for locking the bull gear securely to its stub-shaft, were removed by 
unlocking the washer followed by an extremely strenuous act of removing the nut by 
forcing it through its slots using a hammer and a pin punch. However both the bull gear 
and drive pinion could not be removed, for lack of time and special tools. The physical 
inspection of the gears did not show any signs of wear and damage but just revealed the 
ordinary or usual shiny contact surfaces. The whole bull gear (4.16-A) to bevel drive 
pinion (4.16-E) assembly was rotated manually to check for any bearing anomalies and 
there were no signs of such. 
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(a) Helical bull gear position   (b) Bull gear and input gearbox, in 
(in front of direction of flight)    drive pinions (Lin 2014) 
Figure 4.16: Helical ‘Bull’ Gear and Horizontal Bevel Gear Assembly 
A – Helical bull gear      
A1– Bull gear locknut   E1– Pinion locknut 
B – Main housing    E – Bevel pinion gear  
C – Bull/Horizontal bevel gear shaft      F – Helical drive pinion (fit on positions D) 
D – Position of drive pinions 
4.2.17 Oil Sump, Pump and Stand Pipe 
The oil sump (Figure 4.17) is also made from magnesium alloy and contains the drained 
oil and incorporates an oil pump and the pump drive (4.17-B), which are both made from 
chromium-nickel alloy steel (see materials description on section4.2). Though the sump 
was not completely disassembled; the critical machining size tolerances as indicated for 
the main housing’s large diameters and heights, are + 0.10mm. The pump drive (4.17-B) 
pumps lubricating oil into the main casing and top cover oil channels, which direct the oil 
to various rotating parts, mainly gears and bearings through specially designed nozzles. 
The lubrication oil is also pumped to the top planetary gear holders, gears and bearings 
through the vertical hollow stand pipe (4.17-A); which is accommodated in the hollow 
main rotor shaft, but mounted in the centre of the oil sump. This pipe consists of a double 
barrel with inlet and outlet holes and seals on both the bottom and top sections, to keep 
the oil between the two barrels. The oil exits through eight holes evenly distributed 
around the outer top section of the double barrel stand pipe, to enter into the tip of the 
main rotor shaft, through the inner short cartridge, before it flows in between the top 
inner barrel and the rotor shaft. The top part of the stand pipe also has two rows of 6mm 
diameter holes which are separated by three rows of either double or treble split oil rings 
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to direct the oil flow to the appropriate zone. This is done in conjunction with a similar 
arrangement of holes on the mating inner cartridge of the lower part of the main rotor. It 
is assumed that the first row of holes on either of the mating parts described before, direct 
the high pressure oil to the receiving part, while the second row drains the escaped oil 
(low pressure) back to the casing. A rubber dynamic seal just slightly above the split 
rings, seals any oil that could have escaped from the low pressure zone, as well as sealing 
this area from any dust ingress from the atmosphere through the top of the hollow main 
rotor shaft. The oil then flows out of the main rotor to the top halve of the top planetary 
gear holder (through oil channels or holes), then to the top circular oil tube and spray 
nozzles; and simultaneously to the bottom half of the top planetary  gear holder, before it 
enters the  bottom circular oil pipe and spray nozzles. The top circular pipe nozzles 
(Figure 4.19-D) lubricate the top planetary gear bearings from the top, while the bottom 
one lubricates the bottom planetary gear bearings from the bottom. The oil channels on 
the top half of the top planetary gear holder also lead to some twin nozzles which 
lubricate the planetary gears from the top, while those channels and twin nozzles on the 
bottom half of the top planetary gear holder lubricates the gears from the bottom (double 
lubrication to ensure adequate oil film all-round). 
 
 
Figure 4.17: Oil sump 
A – Lubrication stand pipe   E – Oil sump 
B – Oil pump drive    F – External oil pipe connection 
C – O-ring     G – Chip detector plug 
D – Sight glass 
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4.2.18 Bottom Planetary Gear Holders/Carriers 
The bottom planetary gear holder (Figure 4.18) provides mounting for the bottom 
planetary gears (4.18-F) in the correct position for them to mesh with both the bottom sun 
(Figure 4.10-E) and ring gears (Figure 4.9-A). The holders are made from chromium-
nickel alloy steel (see Appendices R, T, U and V, for composition and mechanical 
properties) and are tampered to ensure toughness to withstand forces from the planetary 
gears. Their critical sizes and tolerances are as follows; PCD for planetary gear bearing 
bore is 540.00 (H7) +0.000 to +0.070mm, bearing bore diameters are 110.00 (H7) +0.000 
to +0.054mm, PCD for dowels and studs to the main housing is 664.00 (H7) +0.000 to 
+0.070mm, PCD for large dowel bores 308.00 (H7) +0.000 to +0.052mm, diameters for 
large dowel bores 34.00 (H7) +0.000 to +0.025mm, large central bearing bore is 360.00 
(H7) +0.000 to +0.057mm and diameters of the dowel holes are 15.00 (H7) +0.000 to 
+0.018mm. The bottom planetary gear holder/carrier (Figure 4.18 (a) and (b) was dis-
assembled by removing a series of securing nuts that hold the plates in position through a 
similar number of long studs and short bolts, which hold the plates to and against a 
specially prepared rim in the interior of the main casing. After removing all the mounting 
bolts for the top halve of the bottom planetary gear holders, the two halves were 
separated by inserting set screws on to the top halve threaded holes (4.18-C), after which 
when they hit the bottom halve will cause the two to separate until the dowels (4.18-M) 
are clear. When these are separated, then the top half is removed and then the seven 
bottom planetary gears (4.18-E, F), integral with their hubs and the double locating 
bearings (4.18-B) are sub-sequently removed. There also exists fourteen, 6mm threaded 
holes within the same Pitch Circle Diameter (PCD), where a similar number of screws 
can be equally screwed onto, to slowly pull out the bottom halve of the bottom planetary 
gear holder, from the snuggly fitted hollow dowelling, in between the bottom planetary 
gear holder and the rim of the main casing/housing.  
 
A big roller bearing (4.18-I) with a sliding fit is located or fitted at the bottom of the big 
concentric bore of the bottom halve of the bottom planetary gear holder. This bearing is 
locked in place by a big internal circlip, which snuggly fits into a groove almost at the 
bottom end of the holder’s spigot, which gives provision for accommodating the width of 
the bearing. 
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The bottom planetary gear holder is a complex design with the following features; 
a. The main central bore provides a provision for mounting the vertical bevel gear stub 
shaft at its top journal, including a provision for a circlip groove to restrain the outer 
race of the bearing (4.18-I), while the inner race is a sliding fit on the journal. The 
central bore also provides an opening for the protruding and segmented top sun gear 
assembly.  
 
b. Seven bores drilled equidistant around the main bore. These bores house the bottom 
support bearings for the planetary gear stub shafts (4.18-E). The bottom part of the 
bores are of smaller diameter (stepped) to provide a seat for the outer race of the 
bottom support bearings (avoiding use of internal circlip as on top planetary gear 
holder. Three smaller holes (+ 6mm diameter) are drilled equidistant around the 
seven bores to permit easy drainage of lubrication oil.  
 
c. Two large arc shaped slots are cut around the seven bores to reduce weight. A 
circular cut-out (4.18-J) also exists at each bore on the outward side (radially from 
the main bore) for both weight saving and to give clearance for the planetary gears. 
 
d. Two holes (4.18-A, G) are drilled on either side of the circular cut-out to provide 
mounting (through bolts/studs) of the bottom planetary gear holder to the flange on 
the inside of the main casing.  
 
e. A convex shaped island (4.18-K) is formed between adjacent bores and it consists of; 
i. One hole (blind), which provides for accurate location of top half of the bottom 
planetary gear holder, through accurately ground and polished hollow dowels 
(4.18-M), which sit in the blind hole. 
ii. Two through holes (4.18-A, G) are drilled on either side of the big hole to take 
up more mounting bolts and hollow dowels for the bottom half of the bottom 
planetary gear holder. However the bolts hold both halves of the bottom 
planetary gear holder. 
iii. On the outward side of each of the above holes, are two + 8mm threaded holes 
(4.18-C), which are used to pull out the bottom halve of the bottom planetary 
gear holder from the dowels and the location ring of the gear holder to the main 
casing, during the dismantling of the gear holder. 
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iv. Seven 6mm holes are also drilled at an angle, slanting from the inner side to the 
outer side of the   bottom planetary gear holder and opposite/adjacent to each of 
the seven planetary gear bearing support bores, to aid the drainage of the 
lubrication oil from the various grooves of the bottom planetary gear holder.  
v. Between each of the above bearing housing/support bores, are two closely 
drilled holes with threads, used to secure a circular lubricating pipe (4.18-D). 
vi. The circular lubricating pipe (4.18-D); carries the oil from the casing and both 
halves of the bottom planetary gear holder’s oil channels. Where the oil channels 
meet between the two mating parts there is a recessed hole into which an oil ring 
sits and is squashed in between to provide a tight seal, to prevent the escape of 
oil before it reaches the designated lubrication points. The oil from the circular 
distribution pipe sprays onto the bearings of the planetary gear stub shafts 
through small nozzles spaced to match the seven bottom planetary gears. 
Through some channels both on the top and bottom halves of the bottom 
planetary gear holders the oil goes to the twin nozzles on each of the top and 
bottom convex shaped islands to lubricate the big vertical bevel gear stub 
bearing, around equidistant intervals.  
 
vii. The top halve of the bottom planetary gear holder has similar features as 
described above, except the following additional features; 
• Split Wire Ring – which fits into a 2mm half-round circular groove 
running around the top section of the dowel bore; to retain the big dowel 
pins from coming out through the top. The opposite side of the hole is 
blind in order to retain the dowel pin from that side. 
• M6 threaded holes – two holes are drilled on the side of the ‘big’ holes 
for the dowel pins, to secure special lock washers (4.18-A) for the 
mounting bolts of the middle section of the top to bottom halves of the 
bottom planetary gear holder. 
• Recesses – there are five oil outlets from the top half of the planetary 
gear holder, which have recesses to take up oil rings, to seal the oil as it 
is transferred from the holder to the bottom circular oil ring. 
• Feature on circular oil ring – oil ring is made integral with mounting 
brackets and which in-cooperate lock washer mechanism to restrain the 
five inner mounting bolts of both the top and bottom halves of the bottom 
planetary gear holder. 
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• Oil channels – there are oil channels positioned almost at the tip of each 
convex island feature which joins (metal to metal seal) the top and 
bottom halves of the bottom planetary gear holder, to transfer the oil to 
the top section twin nozzles which spray lubrication oil to the bottom sun 
gear assembly. 
• Convex groove – a convex groove on top of the top halve of the 
planetary gear holder.   
• Extraction holes – inside each convex groove is a Metric 10 threaded 
hole which is used to extract the top half from the bottom half dowels. 
• Drainage holes – on each side of the convex grooves is a drainage hole to 
drain oil from the grooves. 
 
 
          
 
                              
         (a) Bottom planetary plates (combined)       (b) Bottom planetary plate (bottom section) 
Figure 4.18: Bottom Planetary Holder/Carrier  
 
A – Mounting bolts & lock plate  H – Bottom sun gear (fitting in bore) 
B – Planetary gear bearing & circlip  I – Bearing  
C – Top plate extraction thread   J – Arc shaped slots  
D – Circular lubrication pipe   K – Convex islands 
E – Planetary gear stub    L – Planetary gear bearing outer race 
F – Bottom planetary gear    M – Planetary plates hollow dowels 
G – Mounting holes (to main casing)   
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4.2.19 Top Planetary Gear Holders/Plates 
The top planetary gear holders (Figure 4.19) provide mounting for the top planetary gears 
in the correct position for them to mesh with both the top sun and ring gears. Materials of 
manufacture and tolerances (H7/n6, (according to Appendices X, Y, Z and AA) though 
some actual sizes are different) are the same as indicated on section 4.2.18, for the 
bottom holders. The top planetary gear holder (Figure 4.19) is also of a split combination 
as the bottom planetary gear holder set. This sub-assembly is the same as the bottom 
planetary gear holder explained in detail above; serve for the reduced number of planet 
gear stub shaft bores from seven to five, hence reduced overall diameter and other minor 
features of less importance to mention. 
 
 
 
      
 
Figure 4.19: Top planetary gear carrier/holder 
 
A – Main rotor shaft    E – Holder securing points 
B – Cavities     F – Planetary gear 
C – Bottom ring gear    G – Planetary gear hub & bearing 
D – Circular oil pipe (at nozzle points) H – Bearing circlip & lock 
I – Planetary Plate 
4.2.20 Vertical Bevel Gear Assembly 
The function of the vertical bevel gear (Figure 4.20) is to transmit the drive from the bull 
gear to the top sun gear, including orientating the drive form horizontal to vertical. Both 
gears and the stub shaft are made from chromium-nickel alloy steels, as indicated on 
section 4.2. The critical sizes are; main gear ‘large diameter’ 268.00 (n6) +0.034 to 
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+0.066mm, main gear ‘small diameter’ 268.00 (n6) +0.034 to +0.066mm, PCD for 
clamping main gear ring to stub shaft 174.00 (n6) +0.027 to +0.052mm and the dowel 
studs diameter 174.00 (n6) +0.027 to +0.052mm, splined outside diameter 174.00 (n6) 
+0.027 to +0.052mm, while the teeth and splines dimension tolerance is +0.050mm and 
the general dimensions tolerance is +0.25mm. The vertical bevel gear assembly (Figure 
4.20) was removed by standing the gear box housing up-right, holding the bevel gear stub 
shaft with a crane and forcing it out of the lower/bottom bearing by use of a hammer and 
a soft punch. The vertical bevel gear stub assembly has three support bearings, one ball 
and one roller bearing (Figure 4.20-E) on the bottom and the other at the top supported on 
the bottom part of the bottom planetary gear holder. This assembly consists of a stub 
shaft (4.20-B) onto which a large (diameter) bevel gear (4.20-A) is accurately mounted 
by use of a series of bolts and dowels (4.20-H, I) which are securely locked by being 
deformed at the top. The larger bevel gear (4.20-A) faces downwards while a smaller 
bevel gear (4.20-C) is mounted facing upwards, to ensure the balancing of the forces 
which tend to lift up or press down, the stub shaft assembly during rotation, thereby 
locking it in position. The bigger bevel gear (4.20-A) forms part of the main primary 
drive as it receives the drive from the horizontal bevel pinion. The smaller bevel gear 
(4.20-C) drives the tail rotor gear box drive shaft. The spacers (4.20-D) assist to set the 
vertical bevel stub shaft gear meshes, the splines (4.20-F, G) allow positive location of 
the accessories drive gear and the top sun gear adapter (respectively), while  bearing 
(4.20-J) supports the tip of the main rotor shaft. 
 
                     
(a) Front view      (b) Top view 
Figure 4.20: Vertical bevel gear assembly 
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A – Top bevel gear (main drive)  F – Accessories drive gear position 
B – Vertical bevel gear stub shaft  G – Splines (match top sun gear half)  
C – Bottom bevel gear (tail rotor drive) H – Top bevel gear securing bolts 
D – Spacer     I – Alignment dowels 
E – Roller & ball bearing seats  J – Main rotor shaft support roller bearing 
4.2.21 Bottom Assemblies 
The function of the bottom assemblies (Figure 4.21) is to transmit motion from the 
central gear (from the main drive and is also meant to allow spacing from the bottom 
bevel gear) to the left and right hand accessories and also creating the back drives into the 
main housing, in order to position these drives on the main housing. All the gears and 
their stub shafts in the assembly are made from chromium-nickel alloy steels, as 
indicated on section 4.2 and their hubs were not completely stripped but would fall in the 
same limits and fits class of H7/n6 for bearing seats, +0.05mm for gear teeth and splines 
and +0.25mm for general tolerances. The bottom assemblies (Figure 4.21) are housed in 
the bottom compartment of the main casing, just above the oil sump, which is removed 
by removing a series of bolts securing it to the bottom part of the main housing. All the 
accessories initial drives come from a central gear (4.21-E) mounted on the bottom of the 
vertical bevel stub, just below the main housing. Removing this is achieved by removing 
the securing locknut and washer, followed by pulling the hub out of the bottom splines 
stub shaft by use of a bearing puller. Once the accessories initial drive spur gear is 
removed then the accessory gearing (4.21-A and F; Left and Right Hand accessory drives 
respectively) are removed by removing the individual hubs securing bolts from the 
bottom of the main housing and then pulling the hubs (integral with the bevel drive gears) 
out of the main housing.  
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Figure 4.21: Bottom Assemblies 
A – Left hand accessories drive gear (integral with bearing hub, & bevel gear) 
B – Main casing bottom flange 
C – Main casing oil distribution channel connector 
D – Main casing oil drains to sump (includes all other holes not labelled) 
E – Accessories initial drive spur gear (mounted on vertical bevel gear assembly) 
F – Right hand accessories drive gear (integral with bearing hub, & bevel gear) 
G – Blank (No fitting/redundant – also helps with oil drainage to sump) 
4.2.22 The Oil system 
The purpose of the internal oil channel system (Figure 4.22) is to distribute the 
lubrication oil from the sump (cold well) to the working parts and back to the sump’s hot 
well, while the external oil pipe system takes the oil from the hot well to the coolers and 
back to the sump’s cold  well. The oil passage is drilled/integrally cast into the main 
casing, top cover, sump, bull wheel cover and accessory covers. It starts from the bottom 
of the sump, to the sump and main casing joint (4.22-B) and from there it goes through 
the main casing to the main housing bottom web (4.22-C) and the bottom half of the 
bottom planetary gear holder (4.22-D). From the bottom half of the bottom planetary gear 
holder the oil passage is vertical, then horizontal ‘radially’ (4.22-E) towards the centre. 
The horizontal passage then splits into two (at approximately 45 degrees towards the tip 
of the double concave island feature of the bottom half of the bottom planetary holder) to 
supply the lower twin nozzles. A vertical oil passage (4.22-F) is also drilled on each of 
the seven concave islands and runs through (intersecting at 90 degrees with the 
previously mentioned horizontal oil passage) to supply both the bottom and top circular 
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oil pipes (4.22-G), which will in turn supply the remainder (six) of the seven islands’ 
vertical oil passages and also spray directly on the top and bottom side of the planetary 
gear stub shaft support bearings, through specially designed ‘single’ nozzles. Also at the 
position where the horizontal passage (mentioned above) splits into two, there is a 
vertical passage (4.22-H) that goes up until the top half, which also splits into two to 
supply the top twin nozzles, which in turn sprays on the top side of each of the seven 
planetary gears. Effectively this means that four nozzles supply each gear , two on top 
and two on the bottom, making one of each redundant. The channels get their oil through 
the bottom planetary gear holder then to both the top and bottom circular oil pipes, on the 
bottom planetary plate. The top planetary plate and gears get their supply through the 
vertical lubrication stand pipe (4.22-A) that runs from the middle of the sump into the 
bottom part of the hollow main rotor shaft (4.22-I), then to the space between the 
lubrication sleeve and the rotor shaft (4.22-J). From there the oil goes into the flange 
(4.22-K) of the rotor shaft then to both top (4.22-L) and bottom (4.22-M) circular oil 
pipes which lubricate the planetary gears (both from top and bottom) and distribute the 
oil to the special nozzles on the top and bottom parts of the top planetary gears holder, to 
lubricate the top planetary gears and the top sun gear simultaneously, while both ring 
gears get the oil from the planetary gears. From the joint between the main casing and the 
top cover the oil goes to the main rotor shaft main bearing oil pipe (4.22-N) to lubricate 
the main bearing and from main casing joints to all accessory covers as demonstrated at 
point (4.22-N). The nozzles on the circular oil pipes are special type nozzles which are 
probably made from bronze (needed to be cut open to analyse) and are also specially 
inserted inside the pipes and braized into place with their tips protruding. The ones which 
spray all the gears are similar to standard ‘one piece’ fan nozzles (Appendix DD) 
probably also made from 316 stainless steel with a slightly tapered hole and a vee groove 
cut across its front face. According to Bete (2015), these nozzles have the following 
characteristics; high impact, uniform distribution, extra-wide spray, fan and straight jet, 
spray angle of 0 to 120 degrees and flow rates of 0.161 to 3430 litres/min. 
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       Oil Passages        Spray Nozzle          Oil Circular Tube (with spray nozzles) 
Figure 4.22: Oil Flow System 
4.3 Observations after Dismantling the Mi-24 Helicopter Main Gearbox 
The Mi-24 main gearbox was successfully dis-assembled (though partially with regards 
to the other parts, which could not be removed for lack of tools, accessories and time; 
given the fact that the whole exercise was carried out by students, who had other 
academic commitments) and its component parts were analysed for visual wear, tear and 
other significant damages and deformations. The dismantling process followed a logic 
where the outermost components were removed first and the process itself was recorded 
and refined to form a standard practical approach. Non-Destructive Testing (NDT) and 
oil analysis were also not performed due to the lack of facilities and resources. However 
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the probable or potential defects (normally detected by NDT) as described in the 
literature survey would be considered for analysis purposes, in this research. Pictures of 
the various dismantling processes and stages were taken and they were also used to show 
the components or sub-assemblies’ detailed features and also assist in the illustration of 
the descriptive information, to clarify both the design and the functionality of the Mi-24 
helicopter main gear box. 
4.4 Analysis of the Rotation of the complete Main Rotor Drive 
The initial drive comes through the two engine input shafts located at each side (Figure 
3.2-H) of the helical gear ‘flywheel’ to the two bevel drive pinions (Figure 4.2-C), 
through a roller and cage slipping (sprag) clutch mechanism (Figure 4.14-C). These two 
helical drive pinion gears transmit the drive to the ‘flywheel’ (Figure 4.16-A), which 
combines the two drive pinions’ effort into one. The flywheel is mounted on the same 
stub shaft as the horizontal bevel gear (Figure 4.16-E), which in turn drives the large 
vertical bevel gear (Figure 4.20-A). The large vertical bevel gear is coupled to the top sun 
gear (Figure 4.12-G), through an internally and externally splined adapter (Figure 4.12-
A), which fits into the splines (Figure 4.20-G) of the vertical bevel gear and then provides 
splines (Figure 4.12-B) to take up the top sun gear, which in turn drives the five top 
planetary gears (Figure 4.19-F). These top planetary gears rotate on their own centres and 
also rotate the top ring gear (Figure 4.10-H). The top ring gear is coupled to the bottom 
sun gear through splines (Figure 4.13-B) and hence the bottom sun gear drives the seven 
bottom planetary gears (Figure 4.18-F), which are fixed on the bottom planetary gear 
holders serve for the freedom to rotate on their centres. The bottom planetary gears will 
therefore rotate the bottom ring gear (Figure 4.19-C), which will rotate together (coupled) 
with the top planetary drive mechanism and the main rotor shaft (Figure 4.19-A), thereby 
completing the drive. 
4.5 Evaluation of the Mi-24 Helicopter Main Gearbox  
From the assessments of the sub-assemblies and components of the Mi-24 main gearbox 
it was observed that there is really no serious wear or notable damages on them 
(visually), either because the gearbox was not used for a considerable period (no usage 
history), or that the materials of manufacture, their treatments and strength make them 
durable. The measurements that were carried out were also not that accurate due to the 
incomplete dis-mantling of the gearbox and the non-availability of sound precision 
measuring instruments, associated with the aero-industry. This means that no tolerances 
could be obtained through comparative measurements and the dimensions on the CAD 
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drawings are a close estimation of the actual sizes. However relevant aero-industry 
tolerances were observed from literature and confirmed by the physical ‘feel’ of the fits, 
during disassembling and  assumptions of wear, cracking, pitting, scuffing, grey staining, 
bending and distortion damages were made from literature review.  
 
However, the information gathered from mostly the USA army material (USA Army, 
2003); indicate that the life span of components and the time between repairs and 
refurbishments can be extended by considerable periods ranging from a quarter to double 
the original OEM’s periods. The inspection criteria (including periods) shown on 
Appendix B and the typical inspection sheets shown on Appendices C and D; coupled 
with the recommendations to improve the operations of the Sikorsky S-92A and the 
Aerospatiale Supa Puma helicopters (following previous accidents) as shown on 
Appendices K and E (respectively) and the accidents and incidents involving main gear 
boxes lubrication systems (Appendix J); also form the basis for recommended inspections 
on the Mi-24 main transmission as materials, treatments and damages are the same.  
 
The tables containing the gear box components’ materials and their compositions and 
characteristics, the gear specifications (Appendices R, S, T, U, V, W and X) which were 
drafted after the gathering of information from literature review, the analysis after 
measurements and correlation of all information and functionality of the gear box; 
combined with the CAD drawings (Appendix FF) also form the basis of what constitutes 
the Mi-24 main gear box (VR-24) and the conclusions drawn from this research. 
4.6 Probable Improvements on Mi-24 Main Gearbox  
There were no visual indications of material damage from the Mi-24 main gearbox 
worked on, and there was no information on vibration signatures from the same or similar 
machines, to be able to derive correlations between the damages found and the trends 
recorded, for this study. However the literature reviewed indicated that the various 
helicopters considered in this study, had various gear box defects identified and also their 
time before service/overhaul and selected components’ life, extended as a result of 
studies, observations and historical performances. Moreover the Mi-24 main transmission 
had greater extensions compared to those of its counterparts (Refer to Appendix M and 
Section 2.10). Further research in the form of laboratory tests (test rig) and on-board data 
acquisition can be thoroughly carried out to establish further reduced time of repair and 
the actual refurbishment savings and authenticate the recommendations suggested 
already. The successful dis-assembling of the Mi-24 main gearbox, coupled with the 
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successful gathering of information on the design and functionality of the Mi-24 
helicopter gear box, the capabilities of local engineering companies (as shown under 2.9 
and 2.11.3), shows that the gearbox can be repaired successfully in South Africa. This 
will be further enhanced by obtaining the appropriate licencing/certification, special tools 
and accessories, maintenance manuals and the relevant helicopter transmission overhaul 
training and support. 
4.7 CAD Drawings 
Drawings were drafted according to the components’ features and measurements taken, 
in the majority of the cases (where complete dismantling was possible) while others are a 
re-creation of the perceived design, in accordance with general engineering practices or 
configurations. The measurements taken and the sketches drawn enabled the drafting and 
presentation of CAD drawings, which were also presented in assembly format to illustrate 
the structure of the gearbox. The following components/sub-assemblies (Main Gearbox 
Assembly, Main Housing, Main Rotor Assembly and Bottom Planetary Plate ‘Bottom 
Half’) were sampled and shown on Figure 4.23, while all the component drawings are 
arranged in the appendices section (Appendix: FF) and they also include some of the sub-
assemblies of the drafted components.  
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(a) Main Gearbox Assembly  
 
 
(b) Main Housing  
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(c) Main Housing Top Cover Assembly 
 
 
(d) Bottom Planetary Plate (Bottom Half) 
 
Figure 4.23: A Sample of CAD Drawings for Mi-24 Gearbox 
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4.8 Conclusions 
The features of the Mi-24 helicopter main gearbox (VR-24) were described in detail and 
also presented in both pictures (indicating the features and giving the description of their 
functions) and the accompanying engineering drawings, which show the re-creation and 
hence reverse engineering of the arte-fact. The dismantling procedure was also outlined 
to give the reader an insight into what it takes to dismantle the main gearbox of one of the 
pioneering and legendary heavy lift helicopters. The various components of the rotor 
craft, both the dismantled and none, were assessed for any form of damage, deformation 
or cracking (as envisaged in this dissertation) and none were observed visually; though 
other defects detectable by NDT were also considered and analysed in the discussion. 
 
The following chapter; Conclusions and Implications, will describe the overview of the 
chapters of the research report, the conclusions about the research question and problem, 
the implications of the research (both theoretically and practically), the research 
limitations and further research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
100 
 
5 CONCLUSIONS AND IMPLICATIONS 
5.1 Introduction  
The previous chapter described the process of dismantling the Mi-24 main gearbox, and 
also gave a detailed analysis of the construction of the components or the sub-assemblies 
and their functionality. The drive sequence of the Mi-24 main transmission and the 
lubrication systems were also described. The components and sub-assemblies were also 
analysed for any visible and probable damages, while the technical information from 
other authorities was analysed for the probability of extending the periods between 
inspections and refurbishments of the gearbox.   
 
Chapter 5 will briefly summarise the previous chapters and then; prior to making 
conclusions about the design, it will explain how the new knowledge of the design of the 
Mi-24 main transmission can be utilised for the refurbishment of the gearbox locally, and 
also help in lengthening the periods between refurbishments, without jeopardising safety. 
Finally the conclusion and implications will detail the inferences (deductions) that will be 
drawn to come up with a major position or proposition (suggestion) and the formulation 
of a logical judgement as a result of evidence produced. 
5.2 A Brief Overview of Previous Chapters 
This dissertation has been organised into five chapters which were structured, unified, 
and focused on solving the Reverse Engineering and Refurbishing of the Mi-24 
Helicopter Main Gearbox (VR-24). The first chapter set the scene by introducing the 
research topic, explaining the background and the justification of the research; including 
the specific themes to be investigated and the methodologies to be followed. Chapter 2 
described the views of other researchers on the research topic including; the different 
main transmissions of helicopters, the main components making up the gear box, 
including; casings, gears, shafts and bearings. The problems and incidents previously 
encountered were also discussed, including their probable causes, to give a broader 
insight on the research topic. The third chapter; methodology, explained the ways used to 
obtain relevant information about the helicopter transmission, which included, literature 
review, dismantling, inspection and studying the operation of the main gearbox and 
Reverse Engineering principles. Comparisons of RE and FE and further details about RE 
using illustrative case studies conducted in the past were also covered. The methodology 
included the dismantling and assessment of the VR-24 gearbox components. The forth 
chapter, analysis of the Mi-24 gear box; showed the processes used to find and synthesise 
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information in order to obtain answers to the research question. Chapter 4 outlined the 
features of the components of the gear box, the analysis of the drive sequence and the 
lubrication system. The individual components and in some cases the sub-assemblies had 
their features analysed for detail and their functions explained. The details of the repair 
and refurbishment time alterations done previously on other and similar gearboxes were 
also covered, including; observations after dismantling, evaluation of the gear box, 
probable improvements and the presentation of CAD drawings. 
5.3 Conclusions about the Research Question 
Through the use of Reverse Engineering methodologies, the research has revealed some 
of the hidden theories about the Mi-24 helicopter main gearbox and has highlighted the 
major parts and their functions, the components’ interaction with each other, the probable 
malfunction of the components, the reasons for the deterioration of the condition of the 
parts and the maintenance propositions.  The materials used to manufacture the 
components, including; their properties, treatments and strengths, have also been 
uncovered into a consolidated format. Research reports on the Reverse Engineering and 
Refurbishment of the Mi-24 helicopter’s main transmission; namely the main housing, 
the planetary system and the bull and bevel gear assembly (conducted by Winnaar, Haas 
and Lin; 2014, respectively) have shown that the exercise can be accomplished 
successfully within and with local effort. Furthermore steps of intention, acquiring a 
license and the actual functioning as a maintenance organisation will open further 
researches, knowledge, confidence and enthusiasm to pursue further goals including 
becoming a gearbox manufacturer of the variants to come. This research has also shown 
that, the fact that the components’ details and functionality (including the CAD drawings) 
are now available; including the fact that, the expertise required to train and acquaint 
(with the relevant skills to successfully maintain and overhaul the Mi-24 helicopter main 
transmission) helicopter technicians is also obtainable from the local aerospace industry; 
then the refurbishment of the Mi-24 helicopter main gearbox, locally in South Africa, is a 
greatly achievable task. With the cooperation of the local aerospace industry (including 
the army), the academic institutions, and government, it is possible to get certification 
and to establish refurbishment facilities for the Mi-24 and other related gearboxes locally 
in South Africa. This is so since the successful dismantling, analysis and Reverse 
Engineering of the Mi-24 main gearbox was achieved as evidenced by this 
comprehensive research report; detailing the functionality of the major parts of the 
gearbox, including the materials of manufacture, probable defects and their refurbishment 
methods and Repair Organisation Certification process. 
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5.4 Conclusions about the Research Problem  
Until now, there were scarce comprehensive resources or information about the 
construction and operation of the Mi-24 main helicopter gearbox (VR-24). The Mi-24 
helicopter main transmission was dismantled successfully and studied; significant theory 
about the gearbox has been assembled and developed. CAD drawings have also been 
created and maintenance propositions/proposals have been suggested to find a solution to 
the stated research problem. However the mostly secretive theories and practices about 
the construction, functionality, inspections and refurbishment strategies and processes, of 
the gearbox have been revealed and documented, thereby solving the first part of the 
research problem; the non-comprehension of the design of the Mi-24 helicopter gearbox. 
The probable defects and the refurbishment processes of the gearbox have also been 
compiled, resolving the second part of the research problem which is concerned about; 
the actual repairs or refurbishment of the gearbox. The third segment of the problem 
(protection of guarantees) has been resolved by the detailing of the certification process, 
which can be negotiated on the basis of being a user of the equipment, a demonstration of 
the requestor’s capabilities and other bi-lateral agreements. This therefore means that an 
expression of interest, preparations to meet the required standards (technical, facilities, 
qualifications, local authorisations and certification by OEM) and cooperation within the 
requesting country or organisation, is all that is needed to enable the successful 
refurbishment of the Mi-24 helicopter gearbox, locally. As alluded to on section 2.10, 
various helicopters TBO can be altered (after careful analysis of course) and this is a clear 
indication that the Mi-24 Main Transmission’s retirement life and time between 
inspections and refurbishments of the helicopter’s components can be altered by certain 
periods and/or operating hours. 
 
The following are the significant inferences that were obtained from this dissertation; 
a) Retirement times and times between inspections can be altered on a case by case 
(helicopter type) basis, after careful considerations of the historical data, flight 
data and other related tests and inspections. 
b) Detailed description of the features and functions of the Mi-24 main gearbox were 
revealed and clarified, indicating the success of the reverse engineering proposal. 
c) Consequently training material for diagnostic, prognostic and repair technicians 
can be put together and the actual training and coaching can be conducted 
successfully. 
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d) Based on developmental, cost serving and self-sufficiency needs; licenses to 
perform total maintenance and refurbishment of the Mi-24 main gearbox (and 
hence other future ranges) can be obtained and implemented. 
 
Other improvement features which can assist in the reduction of helicopter accidents 
and or the severity thereof were also obtained or thought through during this 
dissertation and are as listed below; 
e) Due to the fact that most helicopter accidents are as a result of excessive 
lubrication loss, it is recommended that the following additional features be 
incorporated on the rotorcrafts to ensure safe landing; 
i. That a helicopter should carry an extra 20 litres of reserve lubrication, to enable 
it to supplement its lubrication, in the case of a major leak. 
ii. Self-lubricating coatings should be considered for use on all transmission gears 
to augment lubrication in the event of total loss of oil. 
iii. All potential bulk lubrication loss sources should be modified or re-engineered 
to prevent such failures.  
iv. Intermittent oil supply (from reserve lubrication tank) should be immediately 
and automatically triggered, once a certain critical oil level has been reached 
(which will obviously indicate a high lubricating oil loss), in order to allow the 
rotorcraft more time to land (which is greater than the 30 minutes dry run 
envisaged in most researches/recommendations of similar machines). 
With the significant development of thorough diagnostic and inspection processes 
(including; NDT) and validation of on-board vibration detection technologies, the time 
before refurbishments can be significantly prolonged without jeopardising the health and 
safety of the machine and personnel. Indeed, much has been discussed, and with the 
required equipment, training and licensing, the refurbishment of the VR-24 helicopter 
gearbox can successfully be carried out locally in South Africa.  
5.5 Research Implications  
This research dissertation has given light to the academic, engineering and helicopter 
operations communities that; if the need arises, Reverse Engineering can transform any 
situation from a wish into reality if pursued in earnest. Therefore with the gathered and 
synthesised information or theory, there is enough ground to pursue the licencing and 
training for the enablement of the local refurbishment of the Mi-24 main transmission. It 
is also evident that due to the available theory and/or knowledge as depicted by this 
research, further researches can be done to improve the sub-systems in this transmission 
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or to completely make better substitutes for this magnificent piece of ingenuity or 
invention as indicated before on components re-engineering to restore sizes and achieve 
weight loss. It has also been indicated within the research that increasing specific time 
between repairs, though feasible, according to the USA Army (2003) there is need to 
carry out proper and specific investigations in order to implement this for specific 
components or sub-assemblies. 
5.5.1 Implications for theory 
This research has enabled the gathering and logical presentation of the scarce information 
on the functionality, Reverse Engineering and Refurbishment of the Mi-24 helicopter 
main gearbox. This dissertation has not only made a significant contribution to 
knowledge in its immediate discipline, but has had implications for the wider body of 
knowledge where other disciplines could benefit from its findings. The processes of RE 
has been discussed and explained with illustrations to give the readers clear guidelines on 
carrying out similar exercises, especially in the engineering and specifically the designing 
field.  
5.5.2 Implications for practice  
The research report has shown that this research has not only brought benefits such as; 
the detailed theory of the Mi-24 helicopter main transmission, clarity on gearbox 
functionality and quality of presentation; but also brings confidence in research, in 
general and reverse engineering in particular, to maintenance and operational teams. This 
research also opens the door to further researches in the same category, to further 
improve the knowledge base and the performance of the various sub-systems of the Mi-
24 main gearbox (and other types) as required. The research also prompts the relevant 
authorities who operate and/or maintain the Mi-24 and related rotor-crafts to seek further 
opportunities to enhance their equipment and operations. Maintenance plans and related 
infrastructure upgrades inspired can also be practically pursued and improved, based on 
the already acquired theory, to the benefit of related organisations. Consequently this 
research provokes and facilitates self-dependency on diagnostics, prognostics and 
maintenance; apart from promoting the formation of new business opportunities 
throughout the world, contributing resource material towards the academic fraternity and 
enabling the implementation of reverse engineering initiatives in various communities. 
5.6 Research Limitations 
The dissertation aimed to obtain vibration signatures and the subsequently discovered or 
resultant failures (of which no information was obtained during the research) especially 
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due to the secretive nature of the equipment under investigation, since it is mainly 
employed for military operations. Other limitations include; not having proper tools or 
equipment to completely dismantle all the parts as was intended, hence not all necessary 
measurements could be taken, further resulting in some of the CAD drawings’ features 
are in the form of equivalents or re-engineered parts. It was also not possible or practical 
to obtain very accurate dimensions due to the above limitation. Also no oil analysis was 
done to get an idea of which material and areas were wearing down and there was also no 
equipment to test the hardness and material composition of the various parts in order to 
verify the exact types of materials utilised on the VR-24 transmission. 
5.7 Further Research 
Finally, this investigation showed that it is both theoretically and practically possible to 
find solutions to resolve un-known engineering puzzles through the Reverse Engineering 
route, hence this sets a precedent and a foundation for further research.    In reference to 
the limitation in obtaining the vibration signatures; there is a need to research deeper into 
the vibration signatures of especially the VR-24 gearbox and their correlation with the 
anomalies or damages later discovered on the machines monitored, in order to validate 
the on-board vibration measurements, for them to be used effectively in determining the 
need for specific service types (both frequency and intensity).  
 
Further research should also be done in the following areas; 
a) Size and weight reduction on the overall gearbox 
b) Re-engineering of major components and sub-assemblies to improve performance 
of the gearbox 
c) Local manufacture of a prototype smaller helicopter, including engines, gearboxes 
and the airframe 
d) Repair methods of worn-out parts 
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APPENDICES 
 
Appendix A: Glossary 
The glossary comprises of the definitions of terms used in this report. 
 
Fatigue:  
Fatigue refers to the weakening of a material as a result of repeatedly applied loads. It is the 
progressive and localized structural damage that occurs when a material is subjected to cyclic 
loading, such as that which occurs on meshing gears or on bearings. If the loads are above a 
certain threshold (which may be much less than the strength of the material) microscopic cracks 
will begin to form at the stress concentrators such as the surface and grain interfaces.  
 
Spalling:  
Mechanical spalling occurs at high stress contact points, for example, in a ball bearing. Spalling 
occurs in preference to brinelling where the maximal shear stress occurs not at the surface, but 
just below and ultimately shearing the spall (flake) off the parent metal. 
 
Brinelling:  
Brinelling is a material surface failure caused by Hertz contact stress that exceeds the material 
limit. It usually occurs in situations where there is a load with a lot of force that is distributed 
over a relatively small surface area (for example in roller or ball bearings). Brinelling typically 
results from a heavy or repeated impact load, either while stopped or during rotation. 
 
False Brinelling:  
This is damage caused by fretting, with or without corrosion that causes imprints that look 
similar to brinelling, but are caused by a different mechanism. Brinell damage is characterized 
by permanent material deformation (without loss of material) and occurs during one load event, 
whereas false brinelling is characterized by material wear or removal and occurs over an 
extended time from vibration and light loads. 
 
Buffing:  
This is a finishing process for smoothing workpiece surfaces using an abrasive and a work wheel 
or a leather strop. Technically polishing refers to processes that use an abrasive that is glued to 
the work wheel, while buffing uses a loose abrasive applied to the work wheel. Polishing is a 
more aggressive process while buffing is less harsh, which leads to a smoother, brighter finish. 
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Prognosis: 
Prognosis is a prediction about how a given situation will develop. 
 
Diagnosis:  
Diagnosis refers to the identification of the nature and cause of a certain phenomenon. Diagnosis 
is used in many different disciplines with variations in the use of logics, analytics, and 
experience to determine "cause and effect". In systems engineering and computer science, it is 
typically used to determine the causes of symptoms, mitigations, and solutions. 
 
Convex: 
Convex means curving out or extending outward.  
 
Concave: 
Concave means curving in or hollowed inward, as opposed to convex. 
 
Flywheel: 
A flywheel is a rotating mechanical device that is used to store rotational energy. Flywheels have 
a significant moment of inertia and thus resist sudden changes in rotational speed. The amount of 
energy stored in a flywheel is proportional to the square of its rotational speed. 
 
Product teardown:  
This is the act of disassembling a product, such as a television set, to identify its component 
parts, chip and system functionality, and component costing information. For products having 
'secret' technology, the process may be secret. For others, including consumer electronics, the 
results are typically disseminated through photographs and component lists so that others can 
make use of the information without having to disassemble the product themselves. 
 
Prototyping:  
A prototype typically simulates only a few aspects of, and may be completely different from, the 
final product. Prototyping has several benefits: The software designer and implementer can get 
valuable feedback from the users early in the project, before spending a lot on trials. 
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3D Scanning:  
This is a process of analysing a real-world object or environment to collect data on its shape and 
possibly its appearance (e.g. colour). The collected data can then be used to construct digital 
three-dimensional models. 
 
Redesign:  
This refers to when any or all stages in the design (the creation of a plan or convention for the 
construction of an object or a system) process are repeated (with corrections made) at any time 
before, during, or after production. 
 
Optimisation: 
Optimisation is the process of modifying a system to make some aspect of it work more 
efficiently or use fewer resources. For example, a computer program may be optimized so that it 
executes more rapidly, or is capable of operating with less memory storage or other resources, or 
draw less power. 
 
Digitising:  
Digitising is the representation of an object, image, sound, document or a signal (usually an 
analogue signal) by a discrete set of its points or samples. For a document the term means to 
trace the document image or capture the "corners" where the lines end or change direction. 
 
Digital prototyping:  
Digital prototyping gives conceptual design, engineering, manufacturing, sales and marketing 
departments the ability to virtually explore a complete product before it is built. Industrial 
designers, manufacturers, and engineers use Digital Prototyping to design, iterate, optimize, 
validate, and visualize their products digitally throughout the product development process. 
 
Quality control:  
Quality control is a process for maintaining proper standards in a manufacturing or processing 
environment. 
 
On-board: 
On-board is a term used to indicate a position within a certain object or vessel. 
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Tolerance:  
Tolerance refers to permissible limit(s) of variation in an object (for example, dimensional). 
 
Transmission:  
Transmission refers simply to a gearbox that uses gears and gear trains to provide speed and 
torque conversions from a rotating power source to another device . It can also refer to the whole 
drivetrain, including clutch, gearbox, prop shaft (for rear-wheel drive), differential, and final 
drive shafts. 
 
Accreditation:  
Accreditation is a process in which certification of competency, authority, or credibility is 
presented. The accreditation process ensures that the certification practices are acceptable, 
typically meaning that they are competent to test and certify third parties, behave ethically and 
employ suitable quality assurance. 
 
Eddy current testing: 
Eddy-current testing uses electromagnetic induction to detect flaws in conductive materials, by 
use of the alternating current which generates changing magnetic field which interacts with test 
specimen and generates eddy current. The presence of any flaws will cause variations in the 
electrical conductivity or magnetic permeability of the test object, causing a change in eddy 
current and a corresponding change in the phase and amplitude of the measured current. 
 
Ultrasonic testing (UT): 
UT is a family of non-destructive testing techniques based in the propagation of ultrasonic waves 
in the object or material tested. Very short ultrasonic pulse-waves are transmitted into materials 
to detect internal flaws. Imperfections or other conditions in the space between the transmitter 
and receiver reduce the amount of sound transmitted, thus revealing their presence. 
 
Metrology: 
Metrology concerns the application of measurement science to manufacturing and other 
processes, ensuring the suitability of measurement instruments, their calibration and quality 
control of measurements. Although the emphasis is on the measurements themselves, traceability 
of the calibration of the measurement devices is necessary to ensure confidence in the 
measurements. 
 
117 
 
Isotropic Super Finishing (ISF) 
The process is a chemically accelerated finishing process. It uses the vibratory finishing 
equipment but replaces the abrasive media with a high-density, non-abrasive media that in 
combination with specific chemicals “weaken” or oxidize the tips of the asperities, to produce a 
uniformly smooth finish. 
 
Grey staining: 
Grey staining is a fatigue failure of the surface of a material commonly seen in rolling bearings 
and gears. It is also known as micro pitting, micro spalling or frosting and is identified by the 
discolouration (greying) of the affected surface. 
 
Thermal spray:  
Thermal spraying techniques are coating processes in which molten or semi-molten materials (in 
powder or wire form) are accelerated and sprayed in the form of micro-particles, onto a surface 
to increase its thickness.  
 
Elastohydrodynamic  
Elastohydrodynamic Lubrication (EHL) is commonly known as a mode of fluid-film lubrication 
in which the mechanism of hydrodynamic film formation is enhanced by surface elastic 
(reversible, once forces are removed) deformation and lubricant viscosity increase due to high 
pressure.  
 
Characterisation  
Refers to the broad and general process by which a material's structure and properties are 
analysed and measured. It is a fundamental process in the field of materials science, without 
which no scientific understanding of engineering materials could be ascertained. 
 
Modelling: 
Scientific modelling is a scientific activity, which aims to make a particular part or feature of the 
world easier to understand, define, quantify, visualize, or simulate by referencing it to existing 
and usually commonly accepted knowledge (for example, graphical models to visualize the 
subject). 
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Appendix B: Typical Inspection Criteria: AH 64 Helicopters (USA Army, 2003) 
Main Rotor 
1. Rotating swashplate for cracks, corrosion, grease leakage, and security of lower seal. 
Pitch link connection bosses for bending, misalignment, and worn or loose bushings. 
(Every 50 hours, include dial indicator check of bearings and turning of swash plate by 
hand with lower end of pitch controls disconnected at swash plate to listen and feel for 
roughness or binding.) 
2. Visually inspect stationary swash plate for cracks and corrosion. Lateral and torque link 
connection bosses for bending, misalignment, and worn or loose bushings.  
3. Visually inspect rotating scissors for cracks, corrosion, and security. Pivot bearings for 
wear. 
4. Visually inspect longitudinal and lateral torque links for cracks, dents, scratches, and 
corrosion. Attachment bolts for security. Bearings for looseness. 
5. Visually inspect longitudinal, lateral, and collective bell cranks and attachment bolts for 
cracks, distortion, corrosion, and excessive play. Check floating bushing clamp-up to rod 
ends. 
6. Visually inspect lower shoe for worn scissors bearing and worn plunger bearings. 
Main Rotor Hub Nut Inspection 
7. 250 Hours/6Months Magnetic Particle inspection on basic and 7-311411102-3 M/R 
retention nut (TM 1-1520-264-23). 
8. 250 Hours Magnetic Particle Inspection on 7-311411102-5M/R Retention Nut (TM1-
1520-264--23). 
Main Transmission – 250 Hour Lube Oil Inspection and Service 
9. Replace accessory pump oil filter. Remove and clean bypass screen. Access T250L, 
T290L, T250R, T290R, L325, R200. Change transmission lube oil and filters. Access 
L200, R200. 
10. Left Engine and Nose Gearbox - 7. Change nose gearbox lube oil and filter. 
11. Right Engine and Nose Gearbox - 8. Change nose gearbox lube oil and filter. 
Main Transmission – 250 Hour Main and Tail Rotor Drive Inspection 
12. Mast base for cracks, distortion, and security. Mast support mount and upper ends of 
support struts for looseness. Inspect the upper portion of mast base support in the areas 
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around the four lightening holes, mast and mixer supports for corrosion and pitting. 
Access L200, R200. 
13. Static mast attaching hardware for proper torque. Torque check upper case nuts. 
14. Tail rotor and intermediate gearbox mounting nuts for proper torque. Access L530, L540, 
L510, and R510. 
 
Appendix C:  Typical Inspection Criteria: Phased Maintenance Inspection Checklist (USA 
Army, 2002a) 
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Appendix D: Typical Inspection Criteria – Supplemental Sheet: Phased Maintenance 
Inspection Checklist (USA Army, 2002a) 
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Appendix E: Main Gearbox Malfunction Sikorsky S-92A (TSB, 2009) 
Event Description 
On 12 March 2009 a Cougar Helicopters’ Sikorsky S-92A on a flight to the Hibernia oil 
production platform had a total loss of oil in the transmission’s main gear box. The flight crew 
descended to 800 feet and headed towards St. John’s. Approximately 35 nautical miles from St. 
John's, during an attempted ditching, the helicopter struck the water in a high rate of descent. 
One passenger survived with serious injuries and the other seventeen occupants of the helicopter 
died of drowning. 
Safety Issues 
• Category A rotorcraft certified under the “extremely remote” criteria may not be capable of 
continued operation for 30 minutes with only residual main gear box lubrication. 
• Given today’s operating environments, it may now be technically feasible and 
economically justifiable to produce a helicopter that can operate in excess of 30 minutes 
following a massive loss of main gear box lubricant. 
• Helicopter crews and passengers in Canada remain at risk where helicopters are operated 
over sea states exceeding the capability of their Emergency Flotation Systems. 
• Without a supplemental breathing system, occupants have very little time to egress from a 
submerged or capsized helicopter before breaking their breath-holds in cold water. 
TSB Recommendations 
• The Federal Aviation Administration, Transport Canada and the European Aviation Safety 
Agency remove the “extremely remote” provision from the rule requiring 30 minutes of 
safe operation following the loss of main gearbox lubricant for all newly constructed 
Category A transport helicopters and, after a phase-in period, for all existing ones. 
• The Federal Aviation Administration assess the adequacy of the 30 minute main gearbox 
run dry requirement for Category A transport helicopters. 
• Transport Canada prohibit commercial operation of Category A transport helicopters over 
water when the sea state will not permit safe ditching and successful evacuation. 
• Transport Canada require that supplemental underwater breathing apparatus be mandatory 
for all occupants of helicopters involved in overwater flights who are required to wear a 
Passenger Transportation Suit System. 
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Appendix F: Mi-24 Drive System Troubleshooting (Mi-24 Manual, 2013) 
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Appendix G: Mi-24 Drive System Troubleshooting (Mi-24 Manual, 2013) - continued 
 
 
 
 
124 
 
Appendix G: Mi-24 Drive System Troubleshooting (Mi-24 Manual, 2014) - continued 
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Appendix H: Mi-24 Main Transmission (Mi-24 Manual, 2013)  
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014)  
 
 
The AH-64D Longbow Apache is armed with Hellfire 2 long-range fire-and-forget ATGMs 
 
 
 
 
 
 
 
Entered service 1995 
Crew 2 men 
Dimensions and weight 
Length 14.97 m 
Main rotor diameter 14.63 m 
Height 4.9 m 
Weight (empty) 5.3 t 
Weight (maximum take off) 9.5 t 
Engines and performance 
Engines 2 x General Electric T700-GE-701C turboshafts 
Engine power 2 x 1 800 hp 
Maximum speed 265 km/h 
Service ceiling 5.9 km 
Range 407 km 
Armament 
Cannon 1 x 30-mm M230 cannon 
Missiles 
16 x AGM-114L Hellfire 2 anti-tank missiles, 4 x Stinger, Mistral of 
2 x AIM-9 Sidewinder air-to-air missiles or 2 x AGM-122 Sidearm 
anti-radar missiles 
Other rocket pods 
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014) ‘Continued’ 
 
 
The AH-1Z Viper is one of the most powerful, advanced and capable helicopters flying today 
 
 
 
 
 
 
Entered service 2012 
Crew 2 men 
Dimensions and weight 
Length 17.8 m 
Main rotor diameter 14.6 m 
Height 4.37 m 
Weight (empty) 5.5 t 
Weight (maximum take off) 8.16 t 
Engines and performance 
Engines 2 x General Electrix T700-GE-401C turboshafts 
Engine power 2 x 1 800 shp 
Maximum speed 337 km/h 
Cruising speed 296 km/h 
Service ceiling over 6.1 km 
Range 425 km 
Range (with external tanks) 685 / 715 km 
Armament 
Cannon 20-mm cannon with 750 rounds 
Missiles AGM-114A/B/C anti-tank missiles, AGM-114F anti-ship missiles, AIM-9 air-to-air missiles 
Other pods with 70-mm unoperated rockets, free-fall bombs 
128 
 
Appendix I: Top 9 Attack Helicopters (Military Today, 2014) ‘Continued’ 
 
 
The Kamov Ka-52 Alligator attack helicopter is a two-seat version of the Ka-50 Black Shark 
 
 
 
 
 
Entered service 2008 
Crew 2 men 
Dimensions and weight 
Length 13.53 m 
Main rotor diameter 14.5 m 
Height 4.95 m 
Weight (empty) ~ 8 t 
Weight (maximum take off) 10.8 t 
Engines and performance 
Engines 2 x TV3-117VMA turboshafts 
Engine power 2 x 2 200 shp 
Maximum speed 310 km/h 
Service ceiling 5.5 km 
Range (max payload) 520 km 
Ferry range 1 200 km 
Combat radius ? 
Endurance 1 hour 40 minutes 
Armament 
Cannon 1 x 30-mm cannon (460 rounds) 
Missiles 12 x Vikhr (AT-9 Spiral) anti-tank missiles / 4 x Igla-V air-to-air 
missiles 
Other rocket pods or bombs 
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014) ‘Continued’ 
 
 
Apparently the Mil Mi-28 Havoc attack helicopter's design was not as successful as the Ka-50 Hokum 
 
 
 
 
 
 
Entered service 2006 
Crew 2 men 
Dimensions and weight 
Length 17 m 
Main rotor diameter 17.2 m 
Height 3.82 m 
Weight (empty) 8.5 t 
Weight (maximum take off) 11.5 t 
Engines and performance 
Engines 2 x Klimov TV3-117VK turboshaft engines 
Engine power 2 x 2 466 hp 
Maximum speed 320 km/h 
Hovering ceiling 3.6 km 
Range 460 km 
Armament 
Cannon 1 x 30-mm cannon 
Missiles 9M114 Shturm-C, 9M120 / 9M121F Vikhr or 9A-2200 anti-tank guided 
missiles 
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014) ‘Continued’ 
 
 
The Eurocopter Tiger attack helicopter was co-developed by France and Germany 
 
 
 
 
 
Entered service 2002 
Crew 2 men 
Dimensions and weight 
Length 15.8 m 
Main rotor diameter 13 m 
Height 5.2 m 
Weight (empty) 3.3 t 
Weight (maximum take off) 6.1 t 
Engines and performance 
Engines 2 x MTU/Turbomeca/Rolls-Royce MTR 390 turboshaft engines 
Engine power 2 x 1 285 hp 
Maximum speed 269 km/h 
Hovering ceiling 3.2 km 
Range 800 km 
Endurance 3 hours 25 minutes 
Armament 
Cannon 30-mm cannon 
Missiles 8 x HOT 2, HOT 3 or Trigat 2 anti-tank missiles; 4 x Stinger 2 or Mistral short-range air-to-air missiles 
Other 68 x 68-mm rockets and podded 12.7-mm guns 
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014) ‘Continued’ 
 
 
The Z-10 is the first dedicated modern Chinese attack helicopter 
 
 
 
 
 
Entered service 2009 
Crew 2 men 
Dimensions and weight 
Length 14.1 m 
Main rotor diameter 12 m 
Height 3.85  
Weight (empty) ? 
Weight (maximum take off) 5.5 t 
Engines and performance 
Engines 2 x Pratt & Whitney PT6C-67C turboshafts 
Engine power 2 x 1 531 hp 
Maximum speed 300 km/h 
Cruising speed 250 km/h 
Service ceiling 6 000 m 
Ferry range 800 km 
Combat radius ? 
Armament 
Cannon 30-mm cannon 
Missiles HJ-9 or HJ-10 anti-tank missiles, TY-90 air-to-air missiles 
Other ? 
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014) ‘Continued’ 
 
 
The South African air forces operate only 12 Denel AH-2 Rooivalk attack helicopters 
 
 
 
 
 
Entered service 1999 
Crew 2 men 
Dimensions and weight 
Length 18.73 m 
Main rotor diameter 15.58 m 
Height 5.19 m 
Weight (empty) 5.9 t 
Weight (maximum take off) 8.7 t 
Engines and performance 
Engines 2 x Atlas Topaz turboshaft engines 
Engine power 2 x 2 000 hp 
Maximum cruising speed 309 km/h 
Range 940 km 
Armament 
Cannon 1 x 20-mm Armscor cannon 
Missiles 4 x four-round launchers for TOW or Denel ZT-6 Mokopa anti-tank 
missiles, provision for air-to-air missiles 
Other launchers with 70-mm unoperated rockets in place of the missiles 
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014) ‘Continued’ 
 
 
Italian army operates 45 Augusta A-129 Mangusta lightweight attack helicopters 
 
 
 
 
 
 
Entered service 1990 
Crew 2 men 
Dimensions and weight 
Length 14.29 m 
Main rotor diameter 11.9 m 
Height ? 
Weight (empty) 2.5 t 
Weight (maximum take off) 4.1 t 
Engines and performance 
Engines 2 x Piaggio (Rolls-Royce) Gem 2-2 Mk 1004D turboshaft engines 
Engine power 2 x 825 hp 
Maximum speed 259 km/h 
Combat radius 100 km 
Armament 
Cannon 1 x 20-mm cannon; can carry podded 12.7-mm machine guns 
Missiles 8 x TOW-2A anti-tank missiles 
Other 52 x 70-mm or larger 81-mm Medusa rockets 
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Appendix I: Top 9 Attack Helicopters (Military Today, 2014) ‘Continued’ 
 
 
The Mi-24 Hind pack a formidable punch while retaining the capability to transport a squad of troops 
 
 
 
 
Entered service 1971 
Crew 3 men 
Troops 8 men 
Dimensions and weight 
Length 19.79 m 
Main rotor diameter 17.3 m 
Height 6.5 m 
Weight (empty) 8.4 t 
Weight (maximum take off) 12.5 t 
Engines and performance 
Engines 2 x Klimov TV3-117 turboshafts 
Engine power 2 x 2 200 hp 
Maximum speed 310 km/h 
Service ceiling 4.5 km/h 
Range 450 km/h 
Combat radius 160 km 
Armament 
Cannon 1 x 4-barrel 12.7-mm gun, later replaced with a 23-mm twin-barrel 
cannon 
Missiles 9M17P Skorpion (AT-2 Swatter), 9M114 Shturm (AT-6 Spiral) anti-tank guided missiles 
Other 57-mm, 80-mm, 130-mm and 240-mm rockets; AGS-17 30-mm grenade launchers 
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Appendix J: Accidents and Incidents involving helicopters MGB lubrication systems 
 (Mba, D. et al.,2012)  
 
 
 :  
Appendix K: Aircraft Accident Report 2/2011 (Blunt & Keller, 2006)                                                                                             
 
4 Safety Recommendations  
The following Safety recommendations were made during the course of this investigation. 
4.1  Issue an Alert Service Bulletin to require all operators of AS332 L2 helicopters to 
implement a regime of additional inspections and enhanced monitoring to ensure the 
continued airworthiness of the main rotor gearbox epicyclic module. 
4.2  Evaluate the efficacy of the Eurocopter programme of additional inspections and enhanced 
monitoring and, when satisfied, make the Eurocopter Alert Service Bulletin mandatory by 
issuing an Airworthiness Directive with immediate effect. 
4.3  Improve the gearbox monitoring and warning systems on the AS332 L2 helicopter so as to 
identify degradation and provide adequate alerts. 
4.4  Develop and implement an inspection of the internal components of the main rotor gearbox 
epicyclic module for all AS332 L2 and EC225LP helicopters as a matter of urgency to 
ensure the continued airworthiness of the main rotor gearbox.  
4.5  Ensure that correct identification of the type of magnetic particles found within the oil 
system of the power transmission system is maximised. 
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4.6  Urgently review the design, operational life and inspection processes of the planet gears 
used in the epicyclic module of the Main Rotor Gearbox installed in AS332 L2 and 
EC225LP helicopters, with the intention of minimising the potential of any cracks 
progressing to failure during the service life of the gears. 
 
The following additional Safety Recommendations are made. 
4.7  Introduce further means of identifying in-service gearbox component degradation, such as 
debris analysis of the main gearbox oil. 
4.8  Review the Continued Airworthiness programme to ensure that components critical to the 
integrity of the AS332 L2 and EC225 helicopter transmission, which are found to be 
beyond serviceable limits are examined so that the full nature of any defect is understood. 
4.9  Review helicopter Type Certificate Holder’s procedures for evaluating defective parts to 
ensure that they satisfy the continued airworthiness requirements of EASA Part 21.A.3. 
4.10  Review helicopter Type Certificate Holder’s procedures for evaluating defective parts to 
ensure that they satisfy the continued airworthiness requirements of Federal Aviation 
Regulation Part 21.3.0. 
4.11  Re-evaluate the continued airworthiness of the main rotor gearbox fitted to the AS332 L2 
and EC225 helicopters to ensure that it satisfies the requirements of Certification 
Specification (CS) 29.571  
4.12  Research methods for improving the detection of component degradation in helicopter 
epicyclic planet gear bearings. 
4.13  Update CAP 753 to include a process where operators receive detailed component 
condition reports in a timely manner to allow effective feedback as to the operation of the 
Vibration Health Monitoring system. 
4.14  Introduce a means of warning the flight crew, of the AS332 L2 helicopter, in the event of 
an epicyclic magnetic chip detector activation. 
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Appendix L: Timken Lubrication Codes (Timken: Aerospace Design Guide, 2010) 
 
 
 
 
Appendix M: Operation and Maintenance of Mi series Helicopters in IAF (2010) 
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Appendix N: Failed inner race of roller bearing, Symonds and Pitt  
 
 
 
 
 
Appendix O: View of spalling on inner raceway, Symonds and Pitt 
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Appendix P: Gear Failures (Davoli and Michaelis, 2007) 
 
Davoli and Michaelis (2007) listed the five common gear failure modes as: bending fatigue, 
pitting, micropitting, scuffing, and wear, as described below; 
Bending fatigue failure results from cyclic bending stresses at the tooth root (maximum due to 
‘root notch’ effect) as each tooth (hence load) comes into periodic contact. The damage process 
follows three stages, which are crack nucleation, crack propagation, and final unstable fracture.  
Pitting (Macropitting) is surface damage from cyclic contact (compressive) stress transmitted 
through a lubrication film that is in or near the elastohydrodynamic regime and takes place 
between the tooth root and pitch line. Pitting starts with the nucleation of subsurface or cracks, 
then propagates under repeated contact loading then the crack grows to become unstable and 
reach the tooth surface, where a small volume of material separates, leaving a pit. Large damages 
can modify the tooth profile and trigger vibrations and noise. This also affects antifriction 
bearings, cams, and other machine components in which surfaces undergo rolling/sliding contact 
under heavy load. 
Micropitting is the formation of small craters on the tooth surface, often in the region below the 
pitch line. Micropits resemble macropits except they are roughly a factor of ten smaller when 
they first appear. Micropitting may also promote bending fatigue failures in tooth flanks. 
Micropitting progressively removes surface material, similar to what happens with abrasive 
wear. Micropits give the affected areas a frosted or light-gray appearance which is why 
micropitting is also termed frosting or gray straining. 
Scuffing (scoring) is a severe type of adhesive (less lubricated surfaces weld together due to 
heat) wear which instantly damages tooth surfaces that are in relative motion. A single overload 
can lead to catastrophic failure. Lubricants and lubricating conditions and not material strength, 
are responsible for scuffing damage, which often happens to new gears when tooth surfaces are 
not yet well run-in.  
Wear is a continuous, abrasive process of material removal from mating gear teeth that happens 
with or without abrasive particles in the oil, especially due to hard asperities on gear flanks. 
Removal of the hardened layer from surface-hardened gears accelerates wear and when it gets 
extreme would cause thin teeth which will result in broken gear teeth.  
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Appendix Q: PMI Checklist Example (USA Army, 2002a) 
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Appendix R: PMI Checklist Example (USA Army, 2002a) 
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Appendix S: Atomic Symbols for Alloying Elements (Marochnik, 2015) 
 
 
 
Appendix T: ML-5 Magnesium Sand Casting Alloy Composition % (Marochnik, 2015)  
Fe Si  Mn  Ni Al Cu Zr Be  Mg  Zn  Impurity 
max   0.06 max   0.25 0.15 
- 0.5 max   0.01 
7.5 - 
9 max   0.1 max   0.002 max   0.002 
89.1 - 
92.15 
0.2 
- 
0.8 
other 
0.1; all 
0.5  
Comment: Mg is a basis; the percentage of Mg is given approximately. 
 
 
 
Appendix U: Alloy Steels (Chemical Composition %), INCO (2015) 
 Composition      
AISI or SAE 
No. 
C Mn Ni Cr Mo Others and 
Remarks 
E3310 0.08 - 0.13 0.45 - 0.60 3.25 - 3.75 1.40 - 1.75 - SAE 3310 
3310H 0.07 - 0.13 0.30 - 0.70 3.20 - 3.80 1.30 - 1.80 - - 
4317 0.15 - 0.20 0.75 - 1.00 1.65 - 2.00 0.40 - 0.60 0.20 - 0.30 - 
4317H 0.14 - 0.21 0.40 - 0.70 1.50 - 2.00 0.35 - 0.65 0.20 - 0.30 - 
E9310 0.08 - 0.13 0.45 - 0.65 3.00 - 3.50 1.00 - 1.40 0.08 - 0.15 - 
9310H 0.07 - 0.13 0.40 - 0.70 2.95 - 3.55 1.00 - 1.45 0.08 - 0.15 - 
E52100 0.98 - 1.10 0.25 - 0.45 - 1.30 - 1.60 - - 
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Appendix V: Material Properties (MatWeb, 2015) 
Material E3310 
(EN36A)* 
(Annealed) 
4317 
(Annealed) 
E9310 
(Annealed) 
E52100 
(Annealed) 
ML-5 
(AZ81A) 
Properties      
Density (g/cc) - - 7.85 7.81  1.80 
Brinell Hardness  212 200 241 163 – 341** 55 
Ultimate Tensile Strength 
(MPa) 
700 – 770 670 820 570 – 1170** 275 
Yield Tensile Strength (MPa) 540 435 450 275 – 1070**  83.0 
Elongation  at Break (%) 25 25.5 17.3 13.5 – 28.6** 15 
Modulas of Elasticity (GPa) - 205 200 210  45.0 
Compressive Yield Strength 
(MPa) 
- - - - 83.0 
Machinability %*** - 70 50 40  100 
Shear Strength (MPa) - - - - 125 
 
* Data from Interlloy (2015) and pertaining to E3310 equivalence – EN36A 
** Data from AISI 5000 series steels 
*** Based on 100% machinability for AISI 1212 steel 
- No data indicated 
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Appendix W: Machinability of Common Gear Materials                                                
(American National Standard, 1995)  
 
 
Appendix X: Gear Sizes   
Description (Number of Gears) Blank 
Diameter 
(mm) 
Bore Size 
(mm) 
PCD 
(mm) 
Face 
width 
(mm) 
Number 
of Teeth 
Mass 
(Kg) 
!Top Sun Gear (1) 199 * š 172 * 187.07* 60 31 7.68 * 
!Bottom Sun Gear (1) 302 * š 274 * 289.66* 44 48 11.39 * 
!Top Ring Gear (1) 572 130 537.07* 75* 89 48.43 * 
!Bottom Ring Gear (1) 705 360 639.66* 115* 106 ̴ 41.00 
!Top Planetary Gears (5) 187 32 175.00* 50 29 6.41 * 
!Bottom Planetary Gears (7) 187 32 175.00* 50 29 6.41 * 
“Bull Gear (1) 464 90  454.22** 48** 95 19.90 ** 
“Helical Pinion Gears (2) 164 ** 50 ** 157.78** 53** 33 ̴ 10 
®Horizontal Bevel Gear (1) 183/245 * 84 * 233 * 48 31 ̴ 12 
®Top Vertical Bevel Gear (1) 461/544  340 ̴ 492 α 48 66 ̴ 25 
®Bottom Vertical Bevel Gear (1) 188/217 77 ̴ 197 α 25 41 ̴ 10 
Vertical Stub Spur Gear (1) 175 78 165 12 75 ̴  6 
!module: 6.03mm**  “module: 4.78mm** ® module: 7.5mm** α – Average  
*Haas, 2014   **Lin 2014  ̴   – Approximate  š – Spigot diameter 
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Appendix Y: Description of Preferred Fits – ANSI B4.2 (Limits and Fits, 1989) 
 
 
Appendix Z: Tolerance Zones – Internal Dimensions (Holes) (H16 – H1) ANSI B4.2 (Limits 
and Fits, 1989) 
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Appendix AA: Tolerance Zones – External Dimensions (Shafts) (k9 … k4, m9 … m4) 
(ANSI B4.2) (Limits and Fits, 1989) 
 
 
Appendix BB: Tolerance Zones – External Dimensions (Shafts) (n9 … n4, p9 … p4) (ANSI 
B4.2) (Limits and Fits, 1989) 
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Appendix CC: Surface Finishes According to Machining Methods (Wisetool, 2015)  
Surface finish Ground, Honed Roller, Burnished Turned, Bored, Drilled Rough Machined 
Ra (Micro Meter) 0.025 0.050 0.1 0.2 0.4 0.8 1.6 3.2 6.3 12.5 25 50 
Rt 8.7 17.4 34.8 69.6 139 278 548 1,088 2,175 4,350 8,700 17,400 
Rz ( ISO) 7.6 15.2 30.4 60.8 122 243 479 950 1,900 3,800 7,600 15,200 
Honing   Honing   
Skive and Roller Burnishing   Skive and Roller Burnishing   
Skiving Only   Skiving Only   
Boring, Drilling, Trepanning   Boring, Drilling, Trepanning   
Super Finishing Grinding Super Finishing Grinding   
Grinding   Grinding   
Turning   Turning   
Flame Cutting   Flame Cutting 
 
 
Appendix DD: Property Class Data and Tightening Torques (MMCC, 2015).  
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Appendix EE: Standard Fan Nozzles (Bete, 2015) 
 
  
Appendix FF: Mi-24 CAD Drawings  
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Planetary Gear (Haas, 2014) 
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Adapted from (Lin, 2014) 
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Adapted from (Lin, 2014) 
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Adapted from (Lin, 2014) 
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Adapted from (Lin, 2014) 
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